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952 BRAZIL CUTS RED TAPE STIFLING 
BIODIVERSITY STUDIES 

New law eases draconian measures that 
brought bioprospecting to a standstill 
By H. Escobar 


953 READING THE TEA LEAVES FOR 
EFFECTS OF CLIMATE CHANGE 

Cloudy forecast for crops cherished for 
their complex flavors By C. Larson 


: 954 The endangered palates list 
: By C. Larson 
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954 REPORT FINDS MISCONDUCT 
BY SURGEON 

Papers omitted data on patient 
complications, investigator finds 
By G. Vogel 


956 DEBATE SHARPENS OVER PROPOSED 
CRITERIA FOR NSF GRANTS 

Supporters say new laws would bolster 
national priorities; critics see political 
interference By J. Mervis 


FEATURES 
958 IS MEASLES NEXT? 


Some disease fighters want to eradicate 
the most contagious virus of all. But 
does a world still fighting polio have the 
stomach to try? By L. Roberts 


: 962 In Vietnam, an anatomy of a measles 
: outbreak 
: By L. Roberts 


INSIGHTS 


PERSPECTIVES 


964 CONGRESS’S ATTACKS ON SCIENCE- 
BASED RULES 

Proposed laws based on false premises 
could undermine science for the public 
interest By A. A. Rosenberg et al. 
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The metamaterials 
fruits of labor 


967 BLOCKING STRESS RESPONSE 
FOR BETTER MEMORY? 

A drug that affects memory 
targets a constituent of a cellular 
stress response mechanism 

By A. G. Hinnebusch 

> REPORT P. 1027 


968 TAMING THE TEMPERAMENTAL 
METAL TRANSFORMATION 

An alloy can undergo millions of cycles 
of shape changes in response to stress 
jumps By R. D. James 

> REPORT P.1004 


970 ACLOSE VIEW OF PHOTOSYSTEM | 
A high-resolution structure provides 
insight into solar energy conversion 
during photosynthesis By R. Croce 

> RESEARCH ARTICLE P.989 


971 EXPLOITING SLEEP TO MODIFY 

BAD ATTITUDES 

Targeted memory reactivation 

of training-induced social counterbias 
during sleep By G. B. Feld and J. Born 

> REPORT P.1013 


973 OBTAINING OPTICAL PROPERTIES 
ON DEMAND 

Reconfigurable metamaterials provide 
a flexible platform for nanophotonic 
technology By N. I. Zheludev 


974 OVERCOMING NEGLECT OF 
KINETOPLASTID DISEASES 

Drug development offers hope for 
controlling diseases that affect millions 
of people worldwide By G. Bilbe 


976 EXPANDING THE ROLE OF 
METABOLISM IN T CELLS 

A protein links mitochondrial 
energetics to T cell proliferation 
By D. O'Sullivan and E. L. Pearce 

> RESEARCH ARTICLE P. 995 


977 FLEXIBLE GENE POOLS 
Rapid genetic exchange leads 
to mosaic genomes in 
cyanobacterial populations 

By M. M. Desai and A. M. Walczak 
> REPORT P.1019 
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979 BIOCODE 
By D. Field and N. Davies, 
reviewed by M. A. Goldman 


980 MARKS OF GENIUS 
By S. Hebron, curator, 
reviewed by A. Robinson 


980 SPURIOUS CORRELATIONS 
By T. Vigen 


LETTERS 


981 TIME FOR A DATA REVOLUTION 
IN CHINA 
By R. Chen et al. 


981 QUALIFYING POLLINATOR 
DECLINE EVIDENCE 
By J. Ghazoul 


982 RESPONSE 
By D. Goulson et al. 


982 TECHNICAL COMMENT ABSTRACTS 
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985 From Science and other journals 


REVIEW 
988 POROUS MATERIALS 


Function-led design of new 
porous materials 

A. G. Slater and A. I. Cooper 
REVIEW SUMMARY; FOR FULL TEXT 
dx.doi.org/10.1126/science.aaa8075 


T cell metabolic 
reprogramming 


RESEARCH ARTICLES 

989 PHOTOSYNTHESIS 

Structural basis for energy transfer 
pathways in the plant PSI-LHCI 
supercomplex X. Qin et al. 

> PERSPECTIVE P. 970 


995 T CELL METABOLISM 

The protein LEM promotes 

CD8* T cell immunity through 
effects on mitochondrial respiration 
I. Okoye et al. 

> PERSPECTIVE P. 976 


REPORTS 

1001 INORGANIC CHEMISTRY 
Synthesis and characterization of 
P,N, : An aromatic ion composed of 
phosphorus and nitrogen 

A, Velian and C. C. Cummins 


1004 SHAPE MEMORY ALLOYS 
Ultralow-fatigue shape memory alloy 
films C. Chluba et al. 

> PERSPECTIVE P. 968 


1007 MEMORY 
Engram cells retain memory under 
retrograde amnesia 7. J. Ryan et al. 


1013 COGNITIVE NEUROSCIENCE 
Unlearning implicit social biases 
during sleep X. Hu et al. 

> PERSPECTIVE P. 971 


1016 PALEOCLIMATE 

Enhanced tropical methane production 
in response to iceberg discharge in the 
North Atlantic R. H. Rhodes et al. 


1019 MICROBIAL DIVERSITY 
Fine-scale diversity and extensive 
recombination in a quasisexual 
bacterial population occupying a 
broad niche M. J. Rosen et al. 

> PERSPECTIVE P. 977 


1024 CELL ADHESION 

Mechanical strain induces E-cadherin- 
dependent Yap1 and f-catenin 
activation to drive cell cycle entry 

B. W. Benham-Pyle et al. 


Maintaining 
microbial diversity 


1027 STRESS RESPONSES 

Mutations in a translation initiation 
factor identify the target of a memory- 
enhancing compound Y. Sekine et al. 

> PERSPECTIVE P. 967 


1031 IMMUNE TOLERANCE 

Group 3 innate lymphoid cells mediate 
intestinal selection of commensal 
bacteria-specific CD4* T cells 

M. R. Hepworth et al. 


1036 CANCER 

The transcription factor GABP 
selectively binds and activates the 
mutant TERT promoter in cancer 
R. J. A. Bell et al. 


1040 EMBRYO DEVELOPMENT 

A cysteine-clamp gene drives embryo 
polarity in the midge Chironomus 

J. Klomp et al. 
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947 EDITORIAL 
Watchdogs of the European system 
By James Wilsdon 


1050 WORKING LIFE 
All in the family 
By Rachel Bernstein 


ON THE COVER 


Proteins inside the 
chloroplast of a 

plant cell, including 
the supercomplex 

of photosystem I 

and light-harvesting 
complex I, work 
together to turn light 
into chemical energy. 
A high-resolution crystal structure by Qin 
et al. reveals the positions of chlorophylls a 
and b (shown in the foreground as circular 
and hexagonal disks, respectively) and 
carotenoids (shown in orange). See pages 
970 and 989. Illustration: Valerie Altounian/ 
Science; structure based on experimental 
atomic coordinates (PDB ID 4XK8) 
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EDITORIAL 


Watchdogs of the European system 


enry Kissinger, as U.S Secretary of State, is fa- 
mously said to have asked: “If I want to call 
Europe, who do I call?” Until recently, the sci- 
entific community thought it had an answer to 
this question: the chief scientific adviser (CSA) to 
the president of the European Commission (EC). 
Two weeks ago, that changed. 

For 3 years, Anne Glover, a Scottish microbiologist, 
served as the CSA, a high- 
profile ambassador for Euro- 
pean science and a champion 
of scientific evidence in the 
machinery of Brussels poli- 
cymaking. She worked tire- 
lessly to build a network of 
science advisers or equiva- 
lents across the 28 member 
states of the European Union 
(EU). All of this came to an 
abrupt halt in November 
2014, when the handover to 
a new EC under President 
Jean-Claude Juncker saw the 
CSA role vanish overnight. 
This provoked dismay from 


scientific organizations, who « tthe EC has an opportunity to 

put in place a genuinely world- 
class, interdisciplinary, and 

independent advisory system.” 


condemned it as a backward 
move, out of step with the 
onward march of evidence- 
informed policy making. 

Viewed from the Berlay- 
mont, the EC’s headquarters, 
the decision was more finely balanced. Although the 
model of a presidential or prime ministerial science advi- 
sor is firmly established in countries such as the United 
States, United Kingdom, Ireland, and New Zealand, it sits 
more awkwardly with the political cultures of Germany, 
France, and other EU countries, which tend to rely on 
committees and other distributed sources of expertise. 
Brussels also has a distinct political culture, and, as Anne 
Glover admits, an individual with few resources was ill 
equipped to intervene effectively in the delicate balance 
of its decision-making. 

President Juncker insisted that he was still committed 
to scientific advice and asked Carlos Moedas, the Com- 
missioner for Research, Science and Innovation, to lead a 
review of how it could be better organized. Two weeks ago, 
the findings were unveiled. As expected, the CSA remains 
dead and buried and will be replaced by a seven-strong 
“high-level group” of experts, who will be appointed be- 


fore the end of the year. These experts, described by a 
senior official as “watchdogs of the system,”* will be fully 
independent but supported by a team of around 25 staff 
from the EC’s research directorate. Further resources of 
“up to €6 million” will be offered to Europe’s national 
academies to enable them to play a greater role in the 
provision of advice.t Good working links will also be 
developed to the EC’s in-house science service, the Joint 
Research Centre. 

On paper, this is an el- 
egant solution to a tricky 
design brief. Involving the 
academies is a particularly 
smart move, as it will al- 
low the high-level group to 
draw on a far deeper pool 
of expertise. The group will 
also reach out to universities 
across Europe and to global 
networks of expertise, such 
as the recently formed Inter- 
national Network for Gov- 
ernment Science Advice. 

However, parts of the new 
mechanism still need to be 
fine-tuned. Anne _ Glover 
drew fire from some quar- 
ters for speaking out in sup- 
port of genetically modified 
crops. Will the new group be 
similarly independent and 
free to engage in controver- 
sial debates, or will it only be able to answer questions 
posed to it by the EC? Another unknown is how the group 
will be selected. The EC says that scientific excellence is 
the main criterion, but as with all EU bodies, it will have 
to nod to the diversity of member states. The group is 
also meant to combine insights from several disciplines, 
which suggests at least one social scientist and one engi- 
neer joining natural scientists in the mix. And of course, 
connecting science to policy is a serious craft in itself, soa 
Nobel Prize may be less of a trump card than a few years 
of experience in a policy role. 

A search committee for the seven advisers will start 
work any day now. After a turbulent few months, the EC 
has an opportunity to put in place a genuinely world- 
class, interdisciplinary, and independent advisory system. 
Europe's scientists, its policy-makers—and above all, its 
500 million citizens—deserve nothing less. 

- James Wilsdon 


*http://sciencebusiness.net/news/77034/%E2%80%98Watchdogs-of-the-system%E2%80%98-the- 
EU%E2%80%99s-new-scientific-advisory-panel-explained. thttp://news.sciencemag.org/europe/2015/05/ 
breaking-european-commission-create-new-high-level-science-advice-panel. 
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IN BRIEF 


Massive cosmic ray detector grows 


In July, the 
Telescope Array identified 
a potential cosmic ray hotspot (in red). 


apan will spend $3.7 million to expand a huge array of par- 
ticle detectors that studies the highest energy cosmic rays. The 
current Telescope Array (TA) consists of 507 detectors spread 
over 700 square kilometers of Utah desert to detect the ava- 
lanches of particles triggered when the rays strike the atmo- 
sphere. The international collaboration of 130 physicists will 
add 400 detectors, nearly quadrupling its area. TA also has three 
batteries of telescopes that detect the light from particle avalanches, 
and researchers hope the U.S. National Science Foundation will fund 
two more. Japan paid two-thirds of TA’s original $25 million cost. The 
rays’ origins remain unknown. Physicists with the even larger Pierre 
Auger Observatory in Argentina reported in 2007 that the rays seem 
to emerge from the fiery hearts of certain galaxies. Although that re- 
sult hasn’t held up, last July TA researchers reported hints of a hotspot 
in the northern sky. The expanded TA will test whether the hotspot 
is real, says Hiroyuki Sagawa of the University of Tokyo, TA’s co- 
spokesperson, and “with two observatories we can see the whole sky.” 
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&6 Climate change constitutes a serious threat to global 
security, an immediate risk to our national security, and ... it will 
impact how our military defends our country. 99 


President Barack Obama on 20 May, to the graduating Coast Guard Academy class. The same 
day, the White House released a new report on the security implications of climate change. 


AROUND THE WORLD 
Editors sacked in OA clash 


LAUSANNE, SWITZERLAND | A fast-growing 
open-access (OA) publishing company has 
dismissed virtually the entire leadership 
of two medical journals amid a heated 
conflict over editorial independence. 
Frontiers in Medicine and Frontiers in 
Cardiovascular Medicine were launched 
in 2014 as part of Frontiers, an OA 
company founded and run by husband- 
and-wife couple Henry and Kamila 
Markram, both neuroscientists at the 
Swiss Federal Institute of Technology. 
(Henry Markram also created the 
controversial €1 billion Human Brain 
Project.) On 7 May, the two journals 
removed 31 editors after the editors 
complained that company staff were 
interfering with editorial decisions 
and violating core principles of medical 
publishing. The editors say Frontiers’ 
publication practices are designed to 
maximize profits, not the quality of papers. 
Frederick Fenter, executive editor at 
Frontiers, says the company had to fire the 
entire group because they were holding 
up the publication of papers until their 
demands were met, which he likens to 
“extortion.” http://scim.ag/OAconflict 


House committee OKs cures act 


WASHINGTON, D.c. | A committee in the 
U.S. House of Representatives last week 
unanimously approved the 21st Century 
Cures Act, a major effort to spur medical 
innovation. The bill creates an Innovation 
Fund within the National Institutes of 
Health (NIH) with $10 billion in manda- 
tory funds for 5 years, which will support 
young scientists; high-risk, high-reward 
research; and a program to allocate 

$500 million a year in matching funds to 
NIH’s institutes for specific research areas. 
The bill also sets up another fund to dole 
out an annual $110 million for the next 

5 years to support several efforts at the 
Food and Drug Administration, including 
the evaluation of new drug development 
tools and the use of patient feedback in 
the review of new therapies. The bill 

next goes to the House floor for a vote. 
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These jaws and teeth may 
belong to Lucy’s cousin. 


It will then need to be reconciled with 
a Senate version still in discussion. 
http://scim.ag/21centcureOK 


World Heritage Site under attack 


PALMYRA, SYRIA | Archaeologists are 
concerned that Islamic State militants, who 
took control of the ancient city of Palmyra 
last week, killing hundreds of people, will 
also destroy its monuments and artifacts. 
Palmyra, one of six World Heritage Sites in 
Syria, was at a crossroads of Greek, Roman, 
and Persian cultural influences and contains 
Roman barracks and temples, a medieval 
citadel, and the Temple of Bel, which dates 


ee ba 


Roman funerary temple in Palmyra, dating to the 3rd century C.E. 
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to the Ist century C.E. The group destroyed 
another World Heritage Site, Hatra, in 
northern Iraq, and also sells antiquities as 
a source of funding, according to Katharyn 
Hanson, a specialist in protecting cultural 
heritage at the University of Pennsylvania. 
Legislation has been introduced in the U.S. 
House of Representatives to ban the sale of 
antiquities imported from Syria, but it has 
not come up for a vote. 


Scientists seek volunteer readers 


SAN DIEGO, CALIFORNIA | Biomedical 
research is often slow and incremental, 
but the discovery of a hidden connection 
can provide a leap forward. 
Last week, researchers at the 
Scripps Research Institute 
launched an initiative, dubbed 
Mark2Cure, that will ask 
volunteers to help find these 
often needle-in-a-haystack 
links by scanning papers for 
key terms to help create a 
powerful searchable database. 
The National Institutes of 
Health already spends millions 
of dollars hiring professional 
curators to do this sort of 
work. Now, the Scripps team 
aims to engage laypeople to do 
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‘Lucy’ was not alone 


he famous human relative known 

as “Lucy” may have shared her 

territory with a related species. 

Since the 3.2-million-year-old skel- 

eton was discovered in Ethiopia in 
1974, many other fossils of her species, 
Australopithecus afarensis, have been 
found nearby. But claims for other aus- 
tralopithecine species living at the same 
time have been controversial (Science, 
28 March 2003, p. 1994). Now, in this 
week's issue of Nature, scientists working 
in Ethiopia report uncovering a new spe- 
cies they call A. deyiremeda in sediments 
dated 3.3 million to 3.5 million years old. 
(In the local Afar language, deyi means 
“close” and remeda means “relative.”) 
The new fossils, including parts of two 
upper jaws and two lower jaws plus some 
associated teeth, have smaller teeth and 
more forward-facing cheekbones than A. 
afarensis. lf these differences represent 
anew species, at least two early human 
relatives may have lived in close proximity 
and carved out separate ecological niches 
during a critical period in human evolution. 


the same job—in small chunks at a time 
using their own computers—for free. The 
campaign is first reaching out to a highly 
motivated crowd—the small community 
of people affected by NGLY1 deficiency, 

a newly discovered genetic disorder that 
can cause liver problems, poor reflexes, an 
inability to produce tears, and sometimes 
seizures. http://scim.ag/Mark2Cure 


U.S. push-pull on ITER 


WASHINGTON, D.c. | For the second year 
in a row, Senate budgetmakers have moved 
to pull the United States out of ITER, the 
huge and hugely over budget international 
fusion experiment under construction in 
Cadarache, France. The cut comes in the 
Senate version of the so-called energy and 
water spending bill, which would fund the 
Department of Energy and other agen- 

cies for fiscal year 2016. But nixing ITER 

is hardly a done deal: On 1 May, legislators 
in the House of Representatives passed 
their own version of the energy and water 
bill, which includes $150 million for the 
US. contribution to ITER—the amount the 
White House has requested. The Senate 
subcommittee had also moved to cut fund- 
ing to ITER last year, when the Democrats 
controlled the Senate. But the final budget 
bill for fiscal year 2015, signed by President 
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Barack Obama on 16 December 2014, 
contained $150 million for the project. 
http://scim.ag/ITERpushpull 


Big cuts to non-‘core’ sciences 


WASHINGTON, D.c. | You won't actually 
find the numbers anywhere in the bill, 

but a congressional spending panel has 
endorsed a 16% cut in funding next year for 
the social and geosciences at the National 
Science Foundation (NSF). The cuts result 
from a new formula created by the chair 

of NSF’s spending panel, Representative 
John Culberson (R-TX), which requires 
NSF to spend 70% of its research dollars on 
four directorates. Although NSF's overall 
research spending in 2016 would grow by 
only 0.7% in the bill, Culberson provides 

an 8% boost to the favored disciplines and 
holds other research activities at 2015 levels. 
That leaves the social and geosciences 
directorates with $255 million less than they 
have this year. 


Gay marriage study retracted 


LOS ANGELES, CALIFORNIA | An author of 

a study concluding that even relatively 

short conversations with a gay canvasser 
could make voters more supportive of gay 
marriage and equality has asked that it be 
withdrawn. Last week, political scientist 
Donald Green of Columbia University sent a 
retraction request to Science after he became 
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Robin mom fooled by fake egg 


owbirds are the ultimate deadbeat parents: They 

sneak their eggs into the nests of other birds. 

Such behavior has prompted the evolution of 

eggs of many shapes, sizes, colors, and patterns 

and a recognition system to help duped parents 
identify their own eggs. To study this arms race, animal 
behaviorist Mark Hauber of Hunter College in New York 
City is using 3D printers, working out the right materi- 
als to use to make fake eggs convincing. This week in 
PeerJ, Hauber and colleagues highlight the importance 
of color: They report that robins accepted 3D eggs 
painted blue, like real robins’ eggs—but rejected beige 
3D “cowbird” eggs. And egg patterns may be even 
more important than color, which is limited in variabil- 
ity because nature has only two eggshell pigments to 
work with, Hauber and colleagues reported last week in 
Biology Letters. To test patterns’ importance, the team 
is using a device called EggBot, which paints precision 
patterns for Easter eggs and other decorations, to 
“make incredibly faithful replicas and fine-tune variations 
on the theme,’ Hauber says. 


convinced that his co-author Michael J. 
LaCour, a political science Ph.D. candidate 
at the University of California, Los Angeles, 
had made up data for the December 2014 
paper. The study drew on apparent in- 
person and Internet surveys of some 9500 
registered voters in California. However, 
researchers attempting a follow-on study 
found that the survey company cited by the 
paper claimed no knowledge of the project. 
A tweet on LaCour’s Twitter account last 
week said he is preparing to offer a defense 
“at my earliest opportunity.” Science has 
added an Editorial Expression of Concern 
to the paper. http://scim.ag/gaymarrret 


New RIKEN head’s tenure plan 


WAKO, JAPAN | New RIKEN President 
Hiroshi Matsumoto wants to introduce 

a tenure system at Japan’s network of 
national laboratories. As elsewhere, begin- 
ning scientists in Japan are on a treadmill 
of short-term appointments. This has 
skewed research toward quick results 
needed to burnish resumes for recurring 
job hunts and “creates a very difficult situa- 
tion for young researchers,” Matsumoto said 
at a press conference last week. A tenure 
scheme would offer the hope of a stable 
career path and help retain the best young 
talent. Matsumoto also intends to push 
RIKEN scientists and administrators to rou- 
tinely use English to smooth international 
cooperation. He wants to give researchers 
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3D printed robin’s egg (at left) fits right in. 


more flexibility in spending appropriated 
funds and to hire more technicians, too. 
“My mission is to support the capabilities 
and the ideas of researchers,” he said. 


NEWSMAKERS 


Famed mathematician dies 


John Forbes Nash Jr., who shared the 

1994 Nobel memorial prize in economics, 
died on 23 May at the age of 86. Nash did 
trailblazing work in 
algebraic geometry, the 
theory of partial differ- 
ential equations, and the 
theory of noncooperative 
games. His 1950 doc- 
toral dissertation from 
Princeton University 
explored the Nash 
equilibrium, a strategic deadlock that can 
arise in several-player games. Researchers 
have applied the concept to topics including 
arms control, macroeconomics, and political 
science. Nash suffered from a decades-long 
mental illness, described in the biography 

A Beautiful Mind and a film by the same 
name. His honors included the John von 
Neumann Theory Prize; the 1994 Nobel; 
and the 2015 Abel Prize, presented by the 
king of Norway. Nash and his wife, Alicia de 
Lardé Nash, were returning from the Oslo 
award ceremony when their taxi lost control 
and crashed, killing both. 
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Shipping this kind 
of velvet worm 
out of Brazil was 
labeled biopiracy. 


NATURAL RESOURCES 


Brazil cuts red tape stifling biodiversity studies 


New law eases draconian measures that brought bioprospecting to a standstill 


By Herton Escobar, in Sdo Paulo, Brazil 


hen Carlos Jared tried to ship a 
jar of dead velvet worms collected 
in Brazil’s Atlantic Forest to a col- 
league in Germany in 2006, he 
had no plans to derive a drug or 
other product from the creatures. 
He just wanted to probe the reproductive 
system of a rare invertebrate that gives birth 
to live young. But Brazilian authorities de- 
nounced him as a “biopirate.” 

The evolutionary biologist at the 
Instituto Butantan in Sao Paulo 
had run afoul of a law aiming to 
clamp down on what Brazil per- 
ceived as rampant pillaging of its 
biological resources. Jared hadn’t 
filled out all the paperwork re- 
quired under law MP 2186, so the 
worms were confiscated. Worse was yet to 
come. “They dragged my name through the 
mud. It was a psychological massacre,” he 
says. It took him 6 years to get another per- 
mit for fieldwork, and he is still fighting in 
court thousands of dollars in fines. 

Jared is not the only scientist to run afoul 
of the draconian regulations, sometimes be- 
cause of nothing more than a clerical over- 
sight. “Biodiversity was deemed so valuable 
that nobody was allowed to research it any- 
more,” says Eduardo Pagani, drug develop- 
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ment manager at the Brazilian Biosciences 
National Laboratory in Campinas. “They 
locked it in a safe and criminalized anyone 
who tried to work with it.” 

But after years of wrangling over how to 
fix the statute, in which officials sought to 
balance the interests of scientists, the ag- 
ricultural industry, and biotech firms with 
those of indigenous populations demand- 
ing compensation for traditional knowledge, 
Brazil President Dilma Rousseff last week 
signed a law that is raising hopes among 


“It’s an enormous improvement from 
what we have now.” 


Helena Nader, Brazilian Society for the Advancement of Science 


scientists. Like its predecessor, the new “bio- 
diversity law” regulates research on “genetic 
resources”: an all-encompassing term cover- 
ing everything from genes and proteins to 
oils and fragrances. It sets rules for sharing 
benefits with indigenous peoples when R&D 
leads to a product, such as a drug, shampoo, 
energy drink, or industrial enzyme, while 
eliminating bureaucratic hassles and en- 
couraging biodiversity research. Scientists 
will no longer be “molested” or “bullied” by 
unreasonable regulation, said science minis- 
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ter Aldo Rebelo while unveiling the law. 

The scientific community has greeted the 
new law with a sigh of relief. “It’s an enor- 
mous improvement from what we have now,” 
says Helena Nader, president of the Brazilian 
Society for the Advancement of Science in 
Sao Paulo. “We hope this will get scientists 
and industry excited about working with bio- 
diversity again. There is a lot of untapped po- 
tential there,” adds Eliana Fontes, a biosafety 
expert at the Brazilian Agricultural Research 
Corp. in Brasilia and a former president of 
the Genetic Heritage Management 
Council (CGEN), the legal body that 
was created to regulate and enforce 
MP 2186, now superseded by the 
biodiversity law. 

When MP 2186 came on the 
books in 2001, its intentions were 
good. It was passed in response to 
a contract between the nonprofit company 
Bio-Amazonia and Novartis that gave the 
European drug giant exclusive rights to re- 
search, patent, and sell products derived 
from microbes collected in the Brazilian 
Amazon. (The agreement drew a public out- 
cry and was annulled.) While MP 2186’s goal 
was to combat biopiracy, its wording cast 
suspicion on even standard research prac- 
tices involving life forms. “It was so difficult 
to get permits that I seriously considered 
not doing research in Brazil anymore,” says 
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Emilio Bruna, an ecologist at the University 
of Florida in Gainesville who studies habitat 
fragmentation in the Amazon and the Cer- 
rado. Two of his students moved their proj- 
ects to Costa Rica and Ecuador. 

Amendments to MP 2186 gradually eased 
restrictions on basic research. But pros- 
pecting for natural compounds remained a 
daunting challenge. Before starting research, 
scientists and companies had to get permis- 
sion from CGEN and sign a benefit-sharing 
contract with the indigenous group identi- 
fied with a particular resource. “How can 
you sign a contract for a product when you 
don’t know if it’s going to work, or even if 
it’s going to exist?” asks Paulo Sérgio Beirao, 
a biochemist at the Federal University of 
Minas Gerais in Belo Horizonte. 

Under the new law, Brazilian scientists 
need not ask CGEN for permission to do re- 
search. All they must do is register their proj- 
ect in a database and document permission 
from the appropriate indigenous group. Con- 
tracts and other legal matters will come into 
play only if research leads to a product. “A 
clear distinction is made now between scien- 
tific research and technological development 
for commercial purposes,’ says Francine 
Leal, an environmental lawyer in Curitiba 
who has consulted on the law. Foreign sci- 
entists are prohibited from prospecting for 
genetic resources in Brazil, unless they are 
part of a company or institution that strikes 
a partnership with a Brazilian counterpart. 

The law is getting a cool reception from 
indigenous and other local groups, who 
believe the rules of access to traditional 
knowledge and benefit sharing are skewed 
in favor of companies. “The law moves in 
the right direction for science and technol- 
ogy,” says Carlos Joly, a plant ecologist at 
the University of Campinas and a key figure 
in the regulation of biodiversity research in 
Brazil, “but there are still major problems 
with it.” For instance, he says, the law is 
blurry about the rights of indigenous and 
local communities to withhold access to 
traditional knowledge, if they felt an agree- 
ment would not benefit them. 

Jared, at least, would have fared better 
under the new law, which abolishes the 
case-by-case permits for shipments abroad: 
It only requires noting them in a registry. 
“The spirit of the law,’ Fontes says, “is to 
trust researchers.” But for Jared, the mo- 
ment may have passed. He can retrieve his 
velvet worms from the University of Sao 
Paulo’s zoology museum, where they were 
deposited for safekeeping, but the German 
colleague he hoped to collaborate with has 
long since retired. & 


Herton Escobar writes for O Estado de 
Sao Paulo. 
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AGRICULTURAL RESEARCH 


Reading the tea leaves for 
effects of climate change 


Cloudy forecast for crops cherished for their complex flavors 


By Christina Larson, 
in Xishuangbanna, China 
6 6 aste it” Selena Ahmed says, 
offering a delicate green bud 
plucked from a tea plant on a 
terraced hillside here. It’s like 
a tiny cup of espresso: bitter at 
first, then a caffeine buzz. When 
Ahmed returns to Montana State University, 
Bozeman, the ethnobotanist will analyze 
chemical constituents of the leaves along 
with other data, looking for clues to how 
climate change will affect the taste of the 
tea for which southwestern China’s Yunnan 
province is famed. 

“We drink tea for the quality, not because 
its providing energy [from] calories,” says 
Sean Cash, an applied economist at Tufts 
University in Massachusetts, who works 


What they find could have implications for 
scores of other crops, from coffee to choco- 
late to cherries, whose taste and value also 
depend on local climates (see p. 954). “Our 
agricultural system has adapted to a set of 
conditions that are now in flux,” says Samuel 
Myers, an epidemiologist at Harvard Medi- 
cal School in Boston who studies how rising 
carbon dioxide concentrations in the atmo- 
sphere alter crop nutrients. “Understanding 
the implications on both quantity and quality 
is very important.” 

“Rainfall is central for tea,’ says Colin 
Orians, a chemical ecologist at Tufts, who is 
collaborating with Ahmed and Cash. In Xi- 
shuangbanna, “the monsoon rains come, and 
within 5 days, the quality of tea really drops. 
You can see big shifts in the chemistry.’ Dur- 
ing the summer monsoon, which brings 
80% of the annual rainfall, tea leaves grow 


=i 


A Hua farmer in Yunnan province picks tea leaves that will later be fermented into the prized pu’er variety. 


with Ahmed. The complex mix of phyto- 
chemicals responsible for its taste may be far 
more sensitive to climate than are the yields 
of commodity crops. And an ideal place 
to study the relationship is tropical Yun- 
nan, known for an oxidized and fermented 
black tea called pu’er, one of China’s most 
prized and already being touched by climate 
change. Earlier this year Cash, Ahmed, and 
others embarked on a 4-year project backed 
by the U.S. National Science Foundation 
that examines the linkages among climate, 
tea quality, and farmer livelihoods. 
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roughly twice as quickly as in the dry season. 
That’s not as happy a prospect for farmers as 
it sounds, says Wenyan Han of the Tea Re- 
search Institute in Hangzhou. “Quality and 
yield often exist in inverse balance,’ he says. 
“Tf one goes up, the other goes down.” Here in 
the Bulang Mountains, pu’er harvested in the 
spring, before the monsoon, tastes richer and 
fetches a premium: $680 per kilogram, com- 
pared with $405 for summer pvrer, harvested 
during the rainy season. 

Orians and colleagues have traced the 
chemical shifts responsible. During the 


29 MAY 2015 « VOL 348 ISSUE 6238 953 


NEWS | IN DEPTH 


The endangered 
palates list 


Climate change threatens crops 
beloved for rich flavors rather than 
caloric content. Here are a few of 
the most vulnerable: 


COFFEE Growers face a grim 
outlook for the Arabica bean, source 
of 70% of the global coffee supply. 
According to a 14 April report in 
PLOS ONE, a temperature rise of 
2°C to 2.5°C by midcentury will 
wreak havoc on Arabica harvests 
globally. Brazil will “suffer great 
losses,” losing up to 25% of its 
territory suitable for the highland- 
loving plants, says Peter Laderach of 
the International Center for Tropical 
Agriculture in Cali, Colombia. 


COCOA Warmer weather and more 
frequent droughts in West Africa, 
especially Ghana and Ivory Coast, 
will raise evapotranspiration rates in 
cocoa plants, which means less 
water for pods and lower yields of 
chocolate’s main ingredient. 


MAPLE SYRUP Late winter, when 
the mercury begins to edge above 
freezing, is the time to tap sugar 
maples. Sap flows “when tempera- 
tures fluctuate around freezing, 
between day and night,” says Joshua 
Rapp, a biologist at the University of 
California, Davis. Warming in 
eastern North America is shortening 
the sap season and curtailing maple 
syrup production. 


CHERRIES Wild temperature 
swings are bad news for fruits. 
Cherry trees are especially sensitive. 
In 2012, a frigid winter followed by a 
warm spring destroyed 90% of 
Michigan’s tart cherry crop, 
decimating supplies for pies, jams, 
and confections. 


TOBACCO Call it global warming’s 
health dividend. The leaves and roots 
of tobacco grown in elevated CO, 
environments have less nicotine, the 
secondary metabolite that makes 
cigarettes addictive, according to the 
Institute of Plant Genetics and Crop 
Plant Research in Germany. 
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monsoon, when growth speeds up, leaf 
concentrations of two key groups of 
secondary metabolites—catechins and 
methylxanthines—fall to half their dry- 
season levels, they reported last October in 
PLOS ONE. Secondary metabolites protect 
plants from threats such as excess UV expo- 
sure or pests, and some of these compounds 
have potent effects in humans as well. 
Catechins, also found in blackberries and 
grapes, are antioxidants linked to improved 
cardiovascular health, reduced prostate 
cancer risk, and lower blood cholesterol. 
Caffeine and other methylxanthines are 
central nervous stimulants. 

Dilution is unlikely to be the only expla- 
nation for the fall in secondary metabolites 
during the monsoon, Ahmed says. Higher 
temperatures, cloudier days, and different in- 
sect pests could all have an effect. “If a plant 
doesn’t have a cue to produce high concen- 
trations or specific secondary metabolites, 
it won't,’ she says. Her team has identified 
59 seasonally unique compounds in tea, the 
majority of them in the higher quality spring 
tea, they reported last November in the Jowr- 
nal of Chromatography A. 

The mix is likely to change. Average tem- 
peratures in Kunming, Yunnan’s capital, 
have climbed 1.5°C over the past 50 years. 
And the monsoon is arriving later: In 2011, 
it began some 22 days later than in 1980, 
Cash and colleagues report in a paper under 
review at Climatic Change. 

Because land warms faster than ocean, 
the land-sea temperature gradient that 
drives Asian monsoon systems will increase. 
“In very broad brushstrokes for the 21st cen- 
tury,’ summer precipitation “may be more 
intense,” says Caroline Ummenhofer, a ge- 
ographer at the Woods Hole Oceanographic 
Institution in Massachusetts, although she 
notes that the projections are uncertain. 

“Climate change is not necessarily all 
doom and gloom for farmers,’ Ahmed notes. 
If the dry season grows drier and the wet 
season grows wetter, as most climate mod- 
els predict, the dry-season harvest could 
become even more valuable as the stressed 
plants boost their production of secondary 
metabolites and improve pv’er tea’s flavor. 

But prolonged dryness has diminish- 
ing returns. “If the weather is too dry, that 
can reduce the number of buds” or kill 
plants, Ahmed says. That’s already a con- 
cern in India’s Assam region, famed for 
its black tea. Summer days in Assam more 
frequently top 35°C—the “upper limit for 
growing tea,” says Ellie Biggs, a geographer 
at the University of Southampton in the 
United Kingdom. 

Tea lovers can only hope that the progno- 
sis for tea in a changing climate doesn’t pan 
out like the finest pu’er: bitter and black. m 
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REGENERATIVE MEDICINE 


Report finds 
misconduct by 
surgeon 


Papers omitted data on 
patient complications, 
investigator finds 


By Gretchen Vogel 


n investigation has concluded that 

surgeon Paolo Macchiarini, famous 

for transplanting tissue-engineered 

tracheae into more than a dozen 

people, committed scientific miscon- 

duct in publications describing the 
results of the operations. The Karolinska 
Institute in Stockholm, where Macchiarini 
is a visiting professor, commissioned the 
external inquiry after allegations arose in 
August 2014. 

The investigator, Bengt Gerdin, professor 
emeritus of surgery at Uppsala University, 
examined six papers about the patients and 
one on animal tests of the procedure and 
found “a systemic misrepresentation of the 
truth that leads the reader to have a false 
impression of the success of the technique,” 
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he told Science. That constitutes miscon- 
duct, he says. He faults the papers for in- 
accurate or misleading descriptions of the 
condition of patients at the time of publica- 
tion and for stating that ethical permission 
had been obtained for the work although 
there is none on record. The report, sub- 
mitted to the Karolinska vice chancellor on 
13 May, concludes that Macchiarini “is pri- 
marily responsible for incorrect or incom- 
plete data published in numerous articles 
and thus guilty of scientific misconduct.” 

Macchiarini has disputed the allegations, 
but he told Science that he could not com- 
ment further on Gerdin’s report, which is 
in Swedish, until he had received an official 
version in English. He and his colleagues 
attracted widespread attention by develop- 
ing a technique intended to help patients 
whose tracheae were badly damaged by 
cancer, injury, or birth defects. They de- 
signed a polymer scaffold, which is seeded 
with the patient’s stem cells to construct 
a replacement trachea (Science, 19 April 
2013, p. 266). The stem cells are supposed 
to grow over the scaffold and eventually de- 
velop into a living organ. 

The allegations of misconduct came from 
four researchers at the Karolinska Institute 
and the affiliated Karolinska University 
Hospital, where several of the operations 
took place. The four critics—who co- 
authored several of the controversial 
papers—became concerned in the fall of 
2013 when they learned of serious com- 
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Paolo Macchiarini made 
headlines for giving 
patients new tracheae. 


plications in the first patient to receive an 
artificial trachea at Karolinska. (They say 
they were not involved in the care of that 
patient after the initial surgery in 2011. He 
was treated at a hospital at Karolinska’s 
Huddinge campus, 25 kilometers from the 
critics’ primary location in Solna.) When 
they looked into the case records of the 
three patients operated on at Karolinska, 
they concluded that the papers failed to 
mention the serious complications the pa- 
tients had suffered, and ultimately asked 
Karolinska to investigate. 

In particular dispute is a paper published 
in December 2011 in The Lancet. It claims 
that, 5 months after surgery, the recipient, a 
36-year-old graduate student, had no com- 
plications and the graft was showing early 
signs of tissue growth. However, there are 
no clinical records of the patient’s status 
5 months after surgery, Gerdin points out; 
the available clinical data in the records 
were from August, 11 weeks after surgery. 
In November, several weeks after the paper 
was accepted but before it was published, 
the patient was readmitted to Karolinska 
with complications that ultimately required 
a stent to keep his airway open. The engi- 
neered trachea had significant problems, 
the critics say in their complaint, but 
Macchiarini did not notify The Lancet. Nor 
did he mention the complications in a Lan- 
cet review paper published 3 months later. 
That paper says that the graft was in good 
condition 8 months after surgery. 
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In his initial written response to the 
accusations, Macchiarini denied any mis- 
representation. Philipp Jungebluth, an as- 
sistant professor at Karolinska who was 
recruited with Macchiarini as a postdoc- 
toral researcher, also maintains that all 
the papers in question are accurate. Both 
he and Macchiarini say that the compli- 
cations that arose after the paper was 
accepted were not relevant, because the 
article was intended to provide a clinical 
snapshot. Jungebluth says that despite 
the complications, the patient did well 
for at least a year after his initial sur- 
gery. He finished his master’s degree and 
had a second child after the transplant, 
Jungebluth notes. All the patients who re- 
ceived artificial tracheae were complex med- 
ical cases who had no other options, he says, 
and post-transplant complications were to 
be expected. 

The four physicians who reported con- 
cerns about Macchiarini also alleged that 
he did not get proper authorization from 
an ethics review board for the surgeries 
and failed to get informed consent from 
the patients. Such issues fall under Swed- 
ish health care law rather than scientific 
misconduct regulations, Gerdin says, so 
he did not pass judgment on what kind of 
approval was needed. The Swedish Medi- 
cal Products Agency referred the case to a 
prosecutor earlier this month. 

A separate investigation by Karolin- 
ska’s ethics council into allegations of 
misconduct brought by Pierre Delaere, 
a surgeon at UZ Leuven in Belgium, was 
completed in April. Delaere, who has de- 
veloped a different method for replacing 
a damaged trachea, has long criticized 
Macchiarini’s work, saying that his papers 
do not reflect the true condition of the 
trachea recipients. That report concluded 
that Delaere’s complaints were either due 
to a difference of opinion or were too vague 
to be substantiated. Gerdin says he does 
not disagree with that report. The allega- 
tions brought by the Karolinska research- 
ers were more concrete, Gerdin says, and 
addressed specific discrepancies between 
patient records and published papers. 

Gerdin’s report says Macchiarini bears 
the primary responsibility for the mis- 
conduct. However, he also faults the Karo- 
linska Institute for failing to anticipate that 
Macchiarini’s surgeries would need clear 
ethical oversight and the co-authors for 
signing off on papers that were inaccurate. 

Macchiarini and the researchers who 
brought the complaints have 2 weeks to 
comment on Gerdin’s findings. Karolin- 
ska’s vice chancellor will then decide what 
action to take, a Karolinska representative 
says. A decision is expected in June. @ 
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SCIENCE POLICY 


Debate sharpens over proposed 
criteria for NSF grants 


Supporters say new laws would bolster national priorities; 
critics see political interference 


By Jeffrey Mervis 
66 n the national interest.” The 

phrase sounds innocuous, but 
it lies at the heart of a heated, 
2-year debate between lawmakers 
and science advocates about how 
Congress should oversee research 
funding at the National Science Founda- 
tion (NSF). 

That debate was at full boil last week, 
when the U.S. House of Representatives 
passed the America COMPETES Act, which 
sets policy for NSF and 
two other federal research 
agencies, and the House 
Appropriations Committee 
adopted a 2016 spending 
bill that includes NSF. Both 
actions aim to ensure that 
everything NSF funds will 
be “in the national interest,” 
according to the influential 
Texas legislators behind the 
two bills, Republican rep- 
resentatives Lamar Smith 
and John Culberson. 

But many scientists be- 
lieve that the bills, if en- 
acted without any changes, 
would have disastrous con- 
sequences. The scientists 
and their allies say con- 
gressional Republicans are 
using the phrase to cut spending they don’t 
like and to give lawmakers undue influence 
over NSF's grantsmaking system. 

Over the past 2 years, Smith, who chairs 
the House science committee, and other 
conservatives have complained that NSF 
has wasted tax dollars by funding dozens 
of grants in the social and behavioral sci- 
ences or that relate to climate change. The 
COMPETES Act, which passed the House on 
20 May without the support of a single Dem- 
ocrat, is meant to end that alleged waste. 
The bill sets nonbinding spending targets 
for each of NSF’s six research directorates, 
reducing support for the social and behav- 
ioral sciences and for the geosciences while 
boosting it for biology, engineering, comput- 
ing, and math and physical sciences. “What 
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our bill does is reduce funds for low priori- 
ties like a survey of Norwegian tourism and 
teaching TV meteorologists about climate 
change,” Smith noted. 

It also orders NSF to certify that every 
grant satisfies one or more of a checklist 
of societal goals. “It requires that all grants 
serve the national interest,’ Smith said dur- 
ing the 3-hour floor debate on the bill. The 
“national interest” goals listed in Section 106 
of the bill are beyond reproach, ranging from 
economic growth to improved scientific lit- 
eracy. But critics of COMPETES say that the 


Would NSF's past support of Google founders Larry Page, left, and Sergey Brin pass muster today? 


language threatens NSF's use of peer review 
to choose the most worthy research ideas— 
and, they add, it’s almost impossible to pre- 
dict if a piece of basic research will one day 
serve the national interest. 

“Section 106 exemplifies the majority’s 
efforts to impose their own personal be- 
liefs and ideologies on the process of scien- 
tific discovery,’ warned Representative Bill 
Foster (D-IL), a former physicist, during de- 
bate on his amendment to remove the lan- 
guage. “Accountability should be measured 
according to the transparency and integrity 
of the grant review process, not according 
to what types of science some of us believe 
in.” Only four Republicans sided with Foster, 
and his amendment was defeated. 

Smith says that NSF is on his side, cit- 
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ing comments from NSF Director France 
Cordova during a hearing earlier this year. 
Cordova was discussing a new NSF initia- 
tive to improve the readability and quality 
of grant abstracts, frequent fodder for Smith 
and other critics, when she remarked that 
Section 106 was “very compatible” with the 
NSF initiative as well as its mission to “fur- 
ther the national interest.” 

But that doesn’t mean Cordova agrees 
with that section of the bill, which the White 
House has already threatened to veto for a 
variety of reasons. Cordova declined further 
comment on the legislation. NSF’s governing 
body, the National Science Board, applauds 
NSF’s new approach to abstracts in a resolu- 
tion passed this month that does not mention 
the COMPETES Act. Asked for clarification 
on whether the board supports Smith’s po- 
sition, a spokesperson said that “all board 
members strongly believe that promoting 
the progress of science is intrinsically in the 
national interest.” 

Smith’s use of the phrase is okay with 
Representative Daniel Lipinski (D-IL), the 
top Democrat on the sci- 
ence committee’s research 
subcommittee. Though 
he opposed the overall 
COMPETES bill, Lipinski 
voted against the Foster 
amendment and_ thinks 
that his colleagues’ fears are 
unwarranted. “It does not 
do anything to undermine 
the grantsmaking process,” 
Lipinski said about Section 
106. “This will help NSF 
defend worthwhile grants 
that are attacked by critics 
who sometimes misrepre- 
sent projects.” 

A few hours before 
Foster’s amendment was 
rejected, Culberson got 
the House Appropriations 
Committee to endorse Smith’s views in a 
separate bill setting funding for NSF in 2016. 
“NSF is directed to comply with section 106 
and provide periodic updates to the Commit- 
tee on its transparency activities,” declares a 
report accompanying a $51 billion spending 
bill for NSF and several other federal agen- 
cies, which was written by the subpanel 
Culberson chairs. 

Will Smith and Culberson prevail? Both 
bills are a long way from the finish line. 
The Senate has yet to draft its version of a 
COMPETES bill. And although Congress 
must eventually approve a 2016 budget for 
all agencies, it’s anybody’s guess what the 
final version will look like. But right now 
the Texans—and their definition of national 
interest—are riding high. 
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IS MEASLES 


NEXT? 


Some disease figh 


ters want to eradicate the 


most contagious virus of all. But does a world 
still fighting polio have the stomach to try? 


By Leslie Roberts 


teve Cochi is not your stereo- 
typical disease warrior. You won't 
see him parachuting into hot zones 
on the hunt for the next exotic 
virus. He’s not a regular on radio 
shows or in front of the camera. 
Cautious, unassuming, with thick 
white hair, wire rim glasses, and an 
almost cherubic face, the 63-year- 
old physician and epidemiologist is most 
comfortable behind the scenes. 

But for the past 25 years, Cochi has been 
pushing one of the boldest—and some might 
venture foolhardy—ideas in public health. 
He wants the world to undertake a huge new 
effort to eradicate measles. Not just tame 
the virus or control the outbreaks resurging 
across globe, but obliterate it, wipe it off the 
face of the earth, as has only been done once 
for a human pathogen, smallpox, in 1977, and 
as the world fervently hopes will happen 
soon with polio. 

It’s inexcusable not to, says Cochi, who 
is a senior adviser on global immunization 
at the U.S. Centers for Disease Control and 
Prevention (CDC) in Atlanta. Measles killed 
an estimated 145,000 people in 2013, mostly 
children in Africa, and left many more deaf, 
blind, or otherwise disabled. We have the 
means to eradicate it, says Cochi, whose 
mentor at Duke University School of Medi- 
cine was Sam Katz, a co-developer of the 
measles vaccine. “For measles you just need 
two doses of vaccine,” says longtime col- 
laborator Andrea Gay of the United Nations 
Foundation in Washington, D.C. “There are 
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few things you can say that about. ... Why 
wouldn’t you do it?” 

That’s why Cochi, Gay, and a small cadre 
of like-minded colleagues have spent years 
quietly lobbying the World Health Assembly 
(WHA) to put measles eradication at the top 
of the global agenda, right up there with po- 
lio, and declare a target date for eradication. 

But they’ve got a problem, or two or 
three. First is the perception issue. Al- 
though measles is one of the leading child- 
hood killers, people in wealthy countries 
tend to think of it as a minor annoyance, a 
rash and a fever but no big deal—certainly 
not big enough to justify another multi- 
billion, multiyear initiative. 

It would be fiendishly difficult. Measles is 
the most contagious virus on Earth, infecting 
virtually everyone who is not vaccinated. 

But mostly there is polio, which hasn't 
disappeared as it was supposed to in 2000, 
despite more than $11 billion and counting 
and nearly 30 years of effort. Until it does, 
the world will not have the money or the en- 
ergy for another huge eradication campaign, 
no matter how laudatory the goal. “I am 
not against measles eradication,” says David 
Heymann, a veteran of the smallpox wars who 
oversaw the Global Polio Eradication Initia- 
tive while at the World Health Organization 
(WHO). “But we've all been burned by polio.” 

Reluctantly, Cochi cedes the point. “We 
are waiting in the wings.” But not idly, 
others say: A stealth eradication campaign 
is already well under way, with Cochi at 
its helm. 
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MEASLES BEGINS innocuously enough, 
with a cough, runny nose, inflamed eyes, 
a sore throat, and a slight fever. Three to 5 
days later, the distinctive rash erupts, start- 
ing on the face and working its way down the 
arms and trunk and finally to the legs and 
feet. Fever spikes, as high as 104°F or 105°F 
(about 40°C). Ear infections are a common 
complication. Some kids in the United States 
are hospitalized, but for the majority, the rash 
fades and infection resolves in about a week. 

But more than half of the estimated 10 mil- 
lion infected with measles each year in the 
developing world fare far worse. The virus 
suppresses the body’s defense system, espe- 
cially in those already immune-compromised 
or with malnutrition or vitamin A deficiency, 
leaving them vulnerable to secondary bac- 
terial infections. The problems are com- 
pounded by a lack of health care. Pheumonia 
is the most common cause of death; diarrhea 
and dehydration is a close second. Measles 


is one of the top five preventable causes of 
blindness. Deafness is common. Inflam- 
mation of the brain can cause seizures and 
sometimes permanent brain damage. In poor 
countries, the fatality rate is 2% to 15%, soar- 
ing to 25% in the worst outbreaks. 

Everyone who has witnessed a measles 
outbreak wants to reduce the toll, says 
Walter Orenstein, who has devoted his career 
to fighting the disease and is now associ- 
ate director at the Emory Vaccine Center in 
Atlanta. But “going the final mile, going to 
zero,’ is a completely different game, he says. 

Zero is in Cochi’s genes. 

He is descended from a line of dedicated 
disease eradicators who came up through 
CDC in the 1960s and 1970s: William Foege, 
Ciro de Quadros, Donald R. Hopkins, and 
Donald A. Henderson, to name just a few. 
Most served in the Epidemic Intelligence 
Service, CDC’s famed boot camp for disease 
detectives, and many cut their eyeteeth 


The hit list 


Measles lacks features that have made polio so hard to eradicate, including silent cases and 
vaccine-derived transmission. But it is far more contagious—hence harder to stamp out— 
than smallpox, the one virus successfully eradicated. Some of the challenges are highlighted. 


SMALLPOX 
(ERADICATED) 


POLIO MEASLES 


Clinical presentation 


Fever and rash 


Acute, flaccid, Fever and rash 


paralysis 
Asymptomatic No Yes No 
infections or carriers 
Primary mode of Respiratory Fecal-oral Respiratory 
transmission droplets Oral-oral droplets 
Reproduction number S=/ 4-13 12-18 


(Number of cases a single 
infection will generate) 


Community immunity 80%-85% 


to stop transmission 


75%-92% 92%-94% 


Serotypes i 3 1 
Vaccine delivery ntradermal Oral drops Subcutaneous 
injection injection 
Number of vaccine 1 =3 1-2 
doses needed to stop 
transmission 
Vaccine efficacy 1dose = 95% 3 doses* 2 doses = 99% 
Type 1= 73% 
Type 2 = 90% 
Type 3 = 70% 
Waning of protective Yes Humoral: No No 
immunity Intestinal: Yes 
Vaccine-derived virus No Yes No 
infection and transmission 
Period of contagiousness 25 days 4-6 weeks 9 days 


* 595% in industrialized countries 
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fighting smallpox in Africa. 

When they triumphed over smallpox in 
1977, they and thousands of others had pulled 
off what many thought impossible: the first 
eradication of an infectious disease. Their 
feat is still heralded as the crowning achieve- 
ment of public health, the ultimate triumph 
of man (and they were men) over microbe, 
and a permanent gift to humanity, which 
need never suffer the horrible disease again. 
They were itching for another conquest. 

Henderson, the gruff physician and epi- 
demiologist who led WHO’s global smallpox 
campaign, recalls a meeting in 1980, just 
1 month after WHO had officially certified 
that smallpox was gone. Public health lumi- 
naries gathered in Washington, D.C., to de- 
cide what to eradicate next. “I told them that 
was the wrong question,” says Henderson, 
who is now a professor emeritus at the John 
Hopkins Bloomberg School of Public Health 
in Baltimore, Maryland. “Smallpox was done 
by the skin of its teeth,’ he said. Better to 
invest in immunizing children against all 
preventable diseases, including measles, and 
forgo what he has called “the blinding bea- 
con” of eradication. “I was overruled,” he says. 

Don Hopkins made an impassioned plea 
for measles in the 19 June 1982 issue of The 
Lancet. Hopkins was fresh back from bat- 
tling smallpox in West Africa, where CDC 
also ran a measles control program. There 
he had seen firsthand the devastation mea- 
sles wrought—at the time it was killing an 
estimated 2.6 million children a year—and 
how people clamored for the vaccine. “They 
would take smallpox only on one condition— 
that we give them measles vaccine,” he says. 

What’s more, measles was one of the very 
few viruses that met the strict scientific cri- 
teria of “eradicable.” Not only was there an 
excellent vaccine and a good diagnostic, but 
like the smallpox and polio viruses—and 
unlike Ebola—the measles virus also has 
no animal host in which to hide. In Africa, 
Hopkins saw how the virus crumbled in the 
face of aggressive vaccination, disappearing 
in Gambia for more than a year. 

Hopkins, who soon became deputy direc- 
tor of CDC, had powerful allies, most im- 
portant Foege, then agency director, who 
seconded Hopkins’s call in an article a few 
months later. “We were all similarly minded,” 
says Alan Hinman, one of Hopkins’s co- 
authors now at the Task Force for Global 
Health in Decatur, Georgia. “We all thought 
measles should go next.” 

But measles was eclipsed by polio, a far 
less serious disease. “Polio cripples; measles 
kills,”’ Cochi says. In the prevaccine era, polio 
paralyzed roughly 650,000 a year, whereas 
measles killed as many as 5 million or 6 mil- 
lion. But polio had terrified a generation of 
parents when it swept through the United 
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States in the 1940s and 1950s. Measles, on 
the other hand, was a shrug. “Parents didn’t 
seem to mind that their kids had measles,” 
says Orenstein, who led the national immu- 
nization program that eliminated measles 
from the United States. 

And polio had a most persuasive advocate 
and “salesman par excellence,’ as Henderson 
describes him: Albert Sabin, a national hero 
for inventing the oral polio vaccine (OPV). 
Sabin’s grand vision was to deliver his easy- 
to-use polio drops in mass campaigns to 
reach every child, and voila, polio would dis- 
appear. “Just a few drops on the tongue. How 
easy it would be,” Henderson recalls. 

Rotary International kick-started the 
polio eradication effort with $120 million. 
(It has since contributed $1.3 billion.) At 
the Pan American Health Organization, 
de Quadros began an aggressive campaign 
to drive polio out of the Americas. The die 
was cast in 1988, when WHO committed to 
eradicating polio by 2000— 
never imagining that the pro- 
gram would still be dragging 
on 15 years later. 


MANY OF THE MEASLES ad- 
vocates enlisted in the polio 
wars, among them Cochi, who 
joined CDC in the 1980s, after 
2 years as a pediatrician on 
a Navajo reservation in New 
Mexico. At CDC, he quickly 
found his niche working on vaccine- 
preventable diseases, logging long hours 
chasing polio in Nigeria, Pakistan, Bangla- 
desh, and India, to name just a few coun- 
tries. Soon Cochi was the “go-to” guy for 
unvarnished advice on polio eradication, 
says Bruce Aylward, the longtime leader 
of the polio eradication effort. “Steve has 
been hugely influential.” 

While the polio campaign unfolded dur- 
ing the 1990s, Cochi and others then at 
CDC, including Peter Strebel and Mark 
Grabowsky, began laying the ground- 
work for what they hoped would be the 
next eradication push—sitting on various 
acronym-studded expert panels, writing 
tens of papers, and participating in count- 
less international meetings, including one 
in 1996 that concluded measles eradication 
was technically feasible, with a target date 
within the next 10 or 15 years. 

In 2000, the time seemed ripe to go 
public. Polio seemed to be winding down. 
Measles had been eliminated in the United 
States—all cases since then have been “im- 
ported” from other countries—and it was on 
the way out in the entire region of the Amer- 
icas. The last case in the Americas occurred 
in 2002, showing the world for the first time 
the virus could be beaten in poor countries. 
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At an immunization meeting in Pretoria in 
December 2000, Cochi pulled aside a small 
but well-placed group to talk about measles. 
African governments were desperate for 
help fighting the outbreaks still exploding 
there. Could they provide it, he asked? The 
experts went home and enlisted support 
from their respective organizations. 

Thus was born the Measles Initiative, a 
loose-knit partnership of five organizations 
—the American Red Cross, CDC, the United 
Nations Children’s Fund, the United Na- 
tions Foundation, and WHO—with Cochi 
as its unofficial ringleader. Renamed the 
Measles & Rubella Initiative in 2012 when 
it expanded its scope, the initiative did not 
have an explicit eradication goal, but its 
intentions were pretty clear when it called 
for “a world without measles.” 


IN SOME WAYS, measles would be easier 
than polio (see table, p. 960). The measles 


“If we have to wait to 


Steve Cochi, CDC 


vaccine is far better than OPV, providing 
99% protection with just two doses. And al- 
most every case of measles is visible, so you 
know where the enemy is. Not so for polio, 
which paralyzes just one in about 200 people 
it infects and so can circulate undetected, 
sometimes for years, before it strikes again. 
But measles poses different challenges, 
key among them its exquisite contagious- 
ness. Transmitted by respiratory droplets or 
aerosols, the virus can linger in the air for 
up to 2 hours after an infected person leaves 
the room, and kids are often infected in hos- 
pitals or doctors’ waiting rooms. The virus’s 
reproduction number—the number of infec- 
tions a single case will generate in an un- 
vaccinated population—is a staggering 12 to 
18, compared with 5 to 7 for smallpox and 
1.5 to 2.5 for Ebola. To stop measles trans- 
mission, more than 95% of the population 
has to be vaccinated, as opposed to about 
80% in most places for smallpox and polio. 
And the measles vaccine is far harder 
to deliver than polio drops. It must be in- 
jected, so mass campaigns require armies of 
trained health care workers, not the volun- 
teers who dispense polio drops. It has to be 
reconstituted in the field, a step that has on 
rare occasions led to accidents. Last year in 
northern Syria, for instance, a health worker 
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solve the problem of routine 
immunization [to start 
measles eradication], we will 
be waiting for decades.” 


mistakenly grabbed the wrong bottle out of 
the refrigerator and mixed the powder with 
a powerful muscle relaxant. Within minutes, 
15 children under age 2 died, mostly of suf- 
focation. Once reconstituted, the vaccine’s 
shelf life is only 6 hours, so clinic workers 
are sometimes reluctant to prepare a batch 
for just a few kids. They ask mothers to bring 
them back later, but that often doesn’t hap- 
pen. Researchers are working on easier-to- 
use vaccines, but they are still years away. 

“In most mass campaigns you are 
lucky to get 90% coverage, probably 85%,” 
Henderson says. “That is not going to inter- 
rupt measles transmission.” 

Toda Kohei, one of the original polio 
warriors, is now with WHO in Vietnam and 
has spent much of the past year battling a 
huge measles outbreak there (see sidebar, 
p. 962). Kohei desperately wants to see 
measles disappear. But, he says, “we have 
to see the virus for what it is. Measles is too 
much the virus to fight with. 
We need to be a little bit hum- 
ble and modest.” 

Still, the first several years 
of the initiative were a huge 
success. The partners helped 
70 resource-strapped countries 
launch mass measles vaccina- 
tion campaigns. The world met 
the first global target—a 50% 
reduction in measles deaths 
from 1999 levels by 2005— 
with time to spare. By 2008, mortality had 
dropped 78% globally and a stunning 92% in 
Africa. But despite persistent lobbying by the 
initiative, WHA held off declaring an official 
eradication goal. 

Then, beginning in 2009, “the bottom 
dropped out,’ Cochi says. Hammered by the 
global recession, the initiative lost close to 
75% of its international funding. Mass vac- 
cination campaigns were canceled or scaled 
back in high-risk countries, routine measles 
vaccination suffered, and global progress 
stalled. The following year, measles ex- 
ploded in southern African countries. By 
2011, deaths had climbed back to 200,000, 
up from 170,000 in 2008. 

In some wealthy countries, measles ran 
headfirst into a strong and increasingly 
vocal antivaccination movement, mostly 
among the well-educated, fueled by a long- 
discredited link between autism and the 
measles, mumps, and rubella vaccine and 
by nonchalance about what is seen as a mild 
disease. The drop in immunization has re- 
versed progress in Europe, which had 37,000 
measles cases last year, and left the United 
States battling repeated importations, like 
the ongoing one that started in Disneyland 
in late 2014 and has now spread to 19 states 
and the District of Columbia. 
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It had also become abundantly clear that 
the poliovirus was not going away anytime 
soon. Cases were down 99% from 1988 levels, 
but the last 1% would not budge, entrenched 
in India, Afghanistan, Pakistan, and Nigeria, 
some of the world’s poorest countries and 
toughest places to work. 

It turned out the vaccine virus in OPV 
could revert and actually spark outbreaks of 
its own. Another problem was that OPV, very 
effective in high-income countries, did not 
work as well in the hot, crowded slums in 
poor countries where polio often holes up. In 
some places, armed conflict made mass po- 
lio campaigns impossible. In others, rumors 
about vaccine dangers and an anti-Muslim 
plot derailed them. Over the past few years, 
opposition has taken a horrifying turn, with 
polio workers being singled out and mur- 
dered in Pakistan. 

Some experts began asking publicly 
whether polio eradication was feasible—and 
if it was, whether it was worth all the money, 
when bigger public health problems were 
going wanting. As the campaign dragged on 
and costs ballooned, donors were in a bind, 
tapped out but too far in to pull the plug. 

“Eradication is a monolith,’ Henderson 
says. “It tramples everything in its way.” 


FOR NOW, THE MEASLES INITIATIVE is 
simply trying to regain lost ground, Cochi 
says. Routine immunization rates remain 
stuck at 84%, about where they were in 
2008 and well below the 2015 target of 
90%. The regions that vowed to eliminate 
measles by 2015 or earlier are badly off 
track. Global deaths have dropped back 
to 145,000, but outbreaks are sweeping 
Asia and Africa. Measles is on the upswing 
throughout the Middle East, and health 
experts are scrambling to avert a huge epi- 
demic in the West African countries where 
Ebola has left fragile health care systems 
reeling. Seventy percent of measles cases 
now occur in just six countries, not coin- 
cidentally many of the same places polio 
and smallpox proved so hard to dislodge. 
In 2011, WHO said that although measles 
can and should be eradicated, no official 
program should be launched until there is 
progress toward both polio eradication and 
the 2015 measles goals. 

The partners now steer clear of the word 
“eradicate,” emphasizing instead that they 
are helping the remaining five WHO re- 
gions reach their stated goal to “eliminate” 
the virus by 2020. It’s more than semantics: 
Eradication means no more measles cases, 
anywhere, period, whereas elimination 
means stopping indigenous transmission 
within a defined geographic area. But the 
partners concede that if all regions met their 
elimination goals, then, ipso facto, measles 
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The global toll of measles 


As immunization rates climbed, measles deaths plummeted, but progress stalled 
in 2007. Cases and deaths are concentrated in Africa and Asia. 


Reported cases 
per million 
April 2014—March 2015 
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would be eradicated. “In a sense we have an 
eradication goal; we just don’t recognize it 
as such,” Orenstein says. “It is a stealth cam- 
paign” until polio is gone, Gay concurs. 

Even then, the world may have soured 
on eradication. Matt Hanson at the Bill & 
Melinda Gates Foundation in Seattle calls 
the dramatic drop in measles mortality 
“one of the great public health successes,” 
and the foundation contributes about 
$40 million a year to the fight. But that’s 
a trifle compared with the more than 
$2 billion it has invested in polio eradica- 
tion. “Bill made a conscious decision,” Cochi 
says. “The foundation could ... not afford to 
operate on two fronts.” 

The same goes for Gavi, the global vac- 
cine alliance in Geneva, Switzerland. Reduc- 
ing measles deaths is high on the alliance’s 
agenda, but at the moment, “eradication is 
not Gavi’s goal,’ says CEO Seth Berkley. The 
international health community has other 
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priorities, he and others say, and the big one 
is boosting routine immunization and oth- 
erwise shoring up weak health systems in 
poor countries. 

Cochi insists the world must do both: 
Eradicate measles while simultaneously 
boosting routine immunization. “If we have 
to wait to solve the problem of routine im- 
munization, we will be waiting for decades,” 
he says. In the meantime, he adds, hundreds 
of thousands of children will die of a dis- 
ease that could be prevented today, with two 
shots of an inexpensive vaccine. 

There are some encouraging signs, 
Cochi and his CDC colleagues say. Funding is 
up slightly, and just in the past few months, 
hopes have risen that wild poliovirus may at 
last be gone from Africa, leaving just two en- 
demic countries, Afghanistan and Pakistan. 
With polio finally on the way out, the measles 
advocates predict, discussion will inevitably 
turn to what to eradicate next. B 
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Congress’s attacks on science-based rules 


Proposed laws based on false premises could undermine science for the public interest 


By A.A. Rosenberg,'*t L. M. Branscomb,?* 
V. Eady,?* P. C. Frumhoff,** 

G. T. Goldman,! M. Halpern,! K. Kimmell,* 
Y. Kothari,! L. D. Kramer,** N. F. Lane,** 
J. J. McCarthy,’* P. Phartiyal,1 K. Rest,* 

R. Sims,* C. Wexler! 


here is a growing and troubling as- 

sault on using credible scientific 

knowledge in U.S. government regu- 

lation that will put science and de- 

mocracy at risk if unchecked. We 

present five examples, and the false 
premises on which they are based, of cur- 
rent attempts in the U.S. Congress in the 
supposed pursuit of transparency and ac- 
countability but at the expense of the role 
of science in policy-making. 


964 29 MAY 2015 » VOL 348 ISSUE 6238 


Over the past century, the federal gov- 
ernment has striven to protect public 
health, safety, and the environment. Many 
statutory mandates require administrative 
agencies to craft regulations informed by 
credible, legitimate, and salient scientific 
assessments (J, 2) that prescribe actions 
and obligations of government entities, pri- 
vate sector enterprises, and individuals to 
protect the public interest. The federal laws 
that create these science-based man- 
dates—such as the Clean Air Act, the 
Occupational Safety and Health Act, 
and the Consumer Product Safety Act—are 
perceived as inconvenient and expensive 
by some corporate actors. Consequently, 
congressional leaders are pressured to ren- 
der these long-standing and well-regarded 
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laws ineffective by undermining their sci- 
entific foundations (3). 

This should raise alarm among all scien- 
tists. Each year, thousands of experts from 
academia, industry, and government serve on 
agency advisory panels and boards, peer-re- 
view panels, and National Academies’ study 
committees. Many more conduct research 
relevant to important public policy decisions. 
The regulations that result from these scien- 
tific inputs have led to profound im- 
provements in air and water quality, 
protections for workers and the pub- 
lic, and environmental safeguards (3). 

Regrettably, five major bills have recently 
advanced in the U.S. Congress that would 
transform the scientific advisory process. 
Four passed the House of Representatives 
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last year but failed to advance in the Sen- 
ate. Four of the five bills were reintroduced 
and three passed the House this year; with 
the fourth likely to pass soon. All have Sen- 
ate sponsors. Although effective advocacy by 
scientists has helped stymie their progress 
thus far, any of these bills could be attached 
to must-pass legislation, and some presiden- 
tial candidates are already embracing them 
as necessary reforms. 

The bills employ insidious, albeit creative, 
approaches to weaken the ability of science 
to inform federal rule-making. One ap- 
proach is to shift regulatory decisions from 
career employees in federal agencies work- 
ing with experts to politicians in Congress 
vulnerable to special-interest influence. The 
Regulations from the Executive in Need of 
Scrutiny (REINS) Act, which backers say will 
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Five major bills have recently 
advanced in the U.S. Congress 
that would severely limit the 

' scientific advisory process. 


make regulatory agencies more accountable 
and reduce undue burdens on businesses, 
requires joint congressional approval within 
70 legislative days for any new or updated 
major rule with an annual economic impact 
of $100 million or more. If either chamber 
fails to act, the agency cannot move forward 
with the rule until the next Congress con- 
venes and jointly approves the rule. The act 
suggests no criteria for Congress in evalu- 
ating a rule. Agencies, on the other hand, 
must adhere to specific statutory require- 
ments—including basing decisions on sci- 
ence in many cases—and must defend their 
decisions in court. Given the current grid- 
lock on Capitol Hill, few regulatory protec- 
tions would survive both houses of Congress. 
Rather than increasing accountability— 
which of course is a worthwhile goal—the 
proposed mechanism for approval would, in 
effect, prevent science-based rules from ever 
being implemented. 

A second approach is to tie up federal 
agencies in additional and redundant bu- 
reaucracy, even as their budgets decrease. 
This will make efficient rule-making even 
more difficult if not impossible. The Regula- 
tory Accountability Act, with a stated goal of 
reducing costs to business, passed the House 
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in February, and imposes more than 70 new 
requirements on development, analysis, and 
public engagement processes that agencies 
must follow in updating or creating new rules 
(4). This includes additional formal adminis- 
trative hearings that would give regulated in- 
dustry and others the opportunity to directly 
challenge and cross-examine the agency on 
the science underlying its cost-benefit analy- 
sis. The act makes the least costly approach 
the default option for new public health and 
safety regulations even if it is less protective, 
a change from current laws which typically 
prioritize public health protection over cost. 
The act also gives the White House Office of 
Management and Budget the power to over- 
ride independent scientific advice on the 
costs, benefits, and risks of proposed regu- 
lations, enabling implementation of regula- 
tions that might not reflect the best available 
science as required by statute. 

Or take the Sound Science Act. Introduced 
in the House last year and likely to resur- 
face in the current Congress, the legislation 
is ostensibly designed to improve the scien- 
tific basis for regulations. The bill requires 
agencies to hold additional public comment 
periods specifically on all scientific findings 
throughout the process and each time a new 
finding is considered. Furthermore, agen- 
cies must give “greatest weight to informa- 
tion that is based on experimental, empirical, 
quantifiable, and reproducible data.” But, as 
scientists know well, and as AAAS (American 
Association for the Advancement of Science, 
which publishes Science) has noted (5), some 
good science cannot be easily subjected to 
reproducible experiments. Should modeling 
studies be excluded? Is qualitative informa- 
tion not to be considered? The decision about 
how to weigh different types of information 
should be a scientific decision, not a politi- 
cal mandate. Although, in many cases, such 
weighting may be appropriate, this decision 
should be left to technical experts who un- 
derstand how to interpret the data. Other- 
wise, decisions might not be based on the 
best understanding of the scientific evidence. 

A third approach is to limit the informa- 
tion that regulators can use. The Secret Sci- 
ence Reform Act, passed by the House in 
February 2015, mandates that the Environ- 
mental Protection Agency (EPA) may only 
put forward a regulation if all of the data, 
models, methods, and other information in 
the science studies used in its development 
are publicly available, accessible, and repro- 
ducible. Supposedly, the data are required 
so that the “public” can analyze the data for 
themselves, although, in practice, it is likely 
that special interest groups will hire scien- 
tists to reanalyze the data to cast doubt on 
results that are not to their liking in order 
to delay the regulatory process. Although 
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scrutiny of the science used in rule-making is 
important, this act would drain time and re- 
sources from rule-making processes that al- 
ready include expert peer review, the release 
of summarized data, and ample opportuni- 
ties for public and stakeholder input. 

Although greater access to data can be a 
laudable goal, confidential health records, 
confidential business information, or pro- 
tected intellectual property should not be 
disclosed. And although the bill carefully 
states that it does not require the release of 
confidential information, the EPA is prohib- 
ited from moving forward with a regulation 
unless all data are public. So although EPA 
is charged with protecting public health, 
say with regard to ozone or mercury emis- 
sions from power plants, it may not utilize 
any studies that analyze confidential public 
health data as a basis for action. This restric- 
tion applies to any actions the agency might 
take from rule-making to guidance, stan- 
dard-setting, or scientific assessment of toxic 
substances. In other words, the EPA may not 
act on the basis of data it is legally restricted 
from releasing; therefore, it may not act. 

A fourth approach is to change the 
composition and operation of the science 
advisory process itself. The EPA Science 
Advisory Board Reform Act, passed by the 
House this year, would set a quota for state, 
local, and tribal government officials and 
clarify that industry experts with ties to a 
regulated industry are not barred from ad- 
visory board membership, while barring 
independent scientists from serving if they 
have received an EPA grant within the last 
3 years (and preventing their acceptance of 
an EPA grant for 3 years after they serve). 
Concurrently, the legislation makes it diffi- 
cult for board members to discuss their sci- 
entific views that are not already published. 
Procedurally, the board is required to so- 
licit and respond in writing to public com- 
ments on the state of the science and may 
not place time limits on that process. In 
reporting back to the EPA, the board must 
ensure that the views of the public are re- 
flected and encourage dissenting members 
to report their views. Taken together, these 
changes give political and legal operatives 
greater influence over the advisory board 
while marginalizing independent scientists, 
as well as greater opportunity for frivolous 
and resource-consuming challenges to the 
board’s findings. 

Procedurally and monetarily, any of these 
proposals, if enacted, will delay and compli- 
cate an already complex regulatory process. 
The Congressional Budget Office estimated 
that the Secret Science Reform Act alone 
could cost EPA $250 million annually at a 
time when its mandate has increased and its 
budget has been cut (6). 
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The bills described above are based on 
three false premises. The first premise is that 
regulations put forward by federal agencies 
reflect agency and executive branch “over- 
reach.” In reality, the rule-making process 
provides many opportunities to check such 
overreach, including by the judiciary. 

The second premise is that corporations 
need more opportunity to influence the 
scientific information used in rule-making. 
But many industries already support tech- 
nically proficient scientists and_ skilled 
advocates in every step of the process to 
argue their perspectives (7). By comparison, 
community groups and many civil society 
organizations can never match corporate 
resources for influencing government. 

The third premise is that regulations 
only impose costs on industry, and public 
benefits are negligible. Yet just 10 rules pro- 
posed in the last 5 years are estimated to 
result in saving more than 10,000 lives and 
preventing 300,000 cases of disease, illness, 
or injury annually (8). Nine of the 10 rules— 
including actions on protecting workers 
from silica exposure, controlling mercury 


“The bills use insidious... 
approaches to weaken the 
ability of science to inform 
federal rule-making.” 


pollution, and preventing salmonella con- 
tamination in eggs—are estimated to have 
monetized social benefits that substantially 
exceeded monetized compliance costs even 
though many benefits cannot be monetized 
(9). Further, it is important to recognize 
that risk-mitigation costs not borne by in- 
dustry will not evaporate but will become a 
public burden. 

Attacks on the science advisory process as 
the foundation of regulatory action have a 
profound, chilling effect on the willingness 
of scientists to contribute to the process of 
advancing critical health, safety, and envi- 
ronmental protections. Restrictions on ex- 
pert participation, requirements for multiple 
rounds of public comments, and procedural 
hurdles will subject the advisory process 
to greater industry and political influence 
and discourage independent scientists from 
participating in advisory activities. Many 
scientists are honored to serve the public 
as independent experts to inform the policy 
process, and most do so without compensa- 
tion. As barriers for participation rise, their 
willingness to engage will plummet. The end 
result may be that mostly experts paid by 
special interests will serve. 
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The scientific community needs to push 
back. Elected officials respond to constitu- 
ents, and there are scientists in every con- 
gressional district. With leadership from 
professional societies and scientific organi- 
zations, scientists across the country should 
tell their members of Congress how much 
they value the opportunity to engage in in- 
forming policy and how important it is that 
these attacks on the process are defeated. 

The present system is far from perfect, 
but there are better solutions to ensure that 
science advice remains reflective of the evi- 
dence and resistant to special interest ma- 
nipulation. To that end, with leadership from 
professional societies, science-based orga- 
nizations, and academic institutions, better 
pathways must be created for independent 
scientists to share their expertise. This in- 
cludes providing greater training for early 
career scientists on the advisory process and 
creating career-based incentives and time for 
them to participate. It also includes institu- 
tionalizing professional recognition for work 
and activity that informs policy-making. Pub- 
lic service should be a central component of 
what it means to be a scientist. 

Further, public trust in science increases 
when we all have access to the same base 
of evidence. To that end, we must improve 
and fully implement conflict of interest and 
disclosure standards and strengthen peer 
review while increasing the public accessi- 
bility of scientific information. The stakes 
are high, as our collective well-being and 
the strength of our democracy depend on 
our success. 
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CELL BIOLOGY 


Blocking stress response for better memory? 


A drug that affects memory targets a constituent of a cellular stress response mechanism 


By Alan G. Hinnebusch 


wo years ago, a small molecule was 

discovered that enhanced the memory 

of rodents (7). Pinpointing the target 

of this compound, called integrated 

stress response inhibitor (ISRIB), 

could guide the development of cog- 
nitive disorder treatments. Two groups have 
now identified a target. On page 1027 of this 
issue, Sekine et al. (2) report, as do Sidrauski 
et al. (3), that ISRIB increases the activity of 
eukaryotic translation initiation factor 2B 
(eIF2B), a factor that regulates protein syn- 
thesis in a pathway underlying the cellular 
response to stress. 

A highly conserved cellular response to di- 
verse forms of stress entails suppression of 
bulk protein synthesis, but also, para- 
doxically, the increased expression 
of certain transcription factors that 
mount an adaptive response. This 
two-pronged response is triggered 
by phosphorylation of the a subunit 
of eIF2. This modification decreases 
eIF2 activity, attenuating virtually 
all translation except for those mes- 
senger RNAs harboring particular 
regulatory elements—upstream open 
reading frames—that enable their 
translation to be induced instead (4). 
In mammals, this mechanism gov- 
erns activating transcription factor 4 
and 5 (ATF4 and ATF5), and because 
the responses to multiple stresses are 
integrated by four distinct kinases 
that phosphorylate eIF2a, it has been 
called the integrative stress response 
(5). Protein kinase RNA-like endoplas- 
mic reticulum kinase (PERK) medi- 
ates this response when unfolded 
proteins accumulate in the endoplas- 
mic reticulum (ER) and represents 
an important leg of the unfolded pro- 
tein response (6). ISRIB was identi- 
fied in a screen for compounds that 
inhibit PERK, and was found to act 
downstream of phosphorylated eIF2 
[eIF2(aP)], overcoming the effects of 
the modified factor on translation. 
Sekine e¢ al. and Sidrauski et al. now 
report that ISRIB stimulates eIF2B, a 
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guanine nucleotide exchange factor (GEF) 
for eIF2 and a regulatory target of eIF2(aP) 
(see the figure). 

eIF2B is a complex of five subunits (a to 
€), three of which (a, B, and 6) comprise a 
regulatory subcomplex that binds tightly 
to eIF2(a@P) in a manner that prevents the 
catalytic moiety within eIF2Be from pro- 
voking release of guanosine 5’-diphosphate 
(GDP) from eIF2 and attendant formation 
of eI[F2-GTP (guanosine 5’-triphosphate) (4). 
eIF2-GTP delivers initiator methionyl trans- 
fer RNA to the small ribosomal subunit via 
a ternary complex of eIF2-GTP-Met-tRNA, 
(7). Mutations in the yeast eIF2B regulatory 
module weaken its binding to eIF2(@P), ren- 
der elIF2B insensitive to eIF2(@P) inhibition, 
and impair the stress response mechanism 


Integrated stress response 
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On target. The drug ISRIB dampens the integrated stress response by 
stimulating elF2B to counteract the effects of elF2c phosphorylation 
(P) on general and gene-specific translation. GCN2, general control 

nonderepressible 2; HRI, heme-regulated elF2 kinase; PKR, protein kinase 
R; PERK, protein kinase RNA-like endoplasmic reticulum kinase. 


(8). One possibility was that ISRIB also 
works by overcoming the ability of eI[F2(aP) 
to inhibit eIF2B and thereby blocks the inte- 
grated stress response. 

Sidrauski et al. implicate eIF2B as a pos- 
sible target of ISRIB by identifying eIF2B6 
and -e in a screen for genes whose inhibi- 
tion by short hairpin RNA (shRNA) reversed 
the drug’s ability to attenuate expression of 
ATF4 (stress response) (3). Biochemical as- 
says of purified proteins demonstrated that 
ISRIB stimulates nucleotide exchange on 
elF2 by eIF2B. This effect was limited to un- 
phosphorylated eIF2, however, as the drug 
did not allow eIF2(@P)-GDP to be accepted 
as a substrate for eIF2B. Although these re- 
sults suggest that ISRIB boosts the intrin- 
sic activity of eIF2B, Sidrauski et al. did not 
rule out that ISRIB could weaken 
binding of phosphorylated eIF2a to 
the regulatory subcomplex of eIF2B 
to overcome competitive inhibition 
by a small fraction of eIF2(@P) that 
might contaminate the eIF2 prepa- 
ration (3). However, this can be dis- 
missed by complementary findings 
from Sekine et al., who also showed 
that ISRIB can stimulate eIF2B GEF 
activity, either in cell extracts or us- 
ing purified components. This was 
observed even when elIF2 contained 
a nonphosphorylatable variant of the 
qa subunit. Thus, ISRIB most likely 
boosts eIF2B activity to compen- 
sate for, rather than eliminate, the 
inhibitory effect of eIF2(aP) on the 
exchange reaction. 

Interestingly, Sekine et al. found 
that in cellular mutants in which 
both prongs of the integrated stress 
response were restored in the pres- 
ence of ISRIB, eIF2B activity was 
no longer stimulated by ISRIB. The 
mutations affected closely spaced 
residues in eIF2B6. Sekine et al. used 
clustered regularly interspaced short 
palindromic repeats (CRISPR) ge- 
nome editing of cells to show that two 
such mutations are sufficient to re- 
verse all effects of ISRIB in suppress- 
ing the integrated stress response 
and stimulating eIF2B GEF activity. 
Hence, the 6 subunit of eIF2B could 
be the direct target of ISRIB. This 
possibility is consistent with results 
from Sidrauski et al. suggesting that 
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the drug specifically stabilizes eIF2B6 from 
thermal denaturation (3). 

How ISRIB enhances eIF2B activity re- 
mains unknown. The drug exhibits twofold 
rotational symmetry, and both the spac- 
ing and orientation of its distal aromatic 
rings are crucial for potency. The results of 
structure-activity relationship studies by 
Sidrauski et al. suggest that the two halves of 
the drug make similar interactions with their 
target, as the same modifications of the two 
aromatic rings had additive effects on activ- 
ity (3). As eIF2B forms a dimer of heteropen- 
tamers (9, 10), the stereochemical properties 
of ISRIB could be explained if it engages 
chemically similar moieties symmetrically 
arranged across the dimer interface. Indeed, 
Sidrauski et al. found that ISRIB promotes 
formation of eIF2B dimers in vitro (3). Al- 
though this could account for the stimulatory 
effect of ISRIB on GEF activity, there is no 
direct evidence that dimerization is crucial 
for activity. The drug also increased associa- 
tion of eIF2Ba with the other eIF2B subunits, 
which might enhance GEF activity (17) inde- 
pendent of eIF2Bo’s role in dimerization (10). 

There is strong evidence that eIF2a0 
phosphorylation and the integrated stress 
response are important regulators of hippo- 
campal synaptic plasticity, with dual effects 
of inducing long-term depression while sup- 
pressing long-term potentiation and the dif- 
ferent types of learning associated with each 
phenomenon. By dampening the integrated 
stress response, ISRIB impedes long-term 
depression that is induced by metabotropic 
glutamate receptors and a specific type of 
learning in the mouse (12). By contrast, IS- 
RIB or genetic ablation of constituents of the 
integrated stress response enhances memory 
in a learning paradigm in the mouse that re- 
quires long-term potentiation (J, 13). By es- 
tablishing that ISRIB acts directly on a key 
component of the integrated stress response, 
the new findings should encourage investiga- 
tion of whether ISRIB, or related compounds 
with this mode of action, are useful for treat- 
ing cognitive disorders in humans. & 
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SHAPE-MEMORY ALLOYS 


Taming the temperamental 
metal transformation 


An alloy can undergo millions of cycles of shape changes 


in response to stress jumps 


By Richard D. James 


ne of the most delightful scientific 

demonstrations is the shape-mem- 

ory effect in binary nickel-titanium 

(NiTi): Stretch out a spring of this 

alloy so it is apparently permanently 

deformed, drop it into a cup of hot 
coffee, and it literally jumps back to its 
original shape (1). However, looks can be 
deceiving. Repeat performances are lim- 
ited—especially if the spring had to lift a 
weight while recovering—because failure 
by fracture would occur after a few thou- 
sand cycles. Also, the temperature at which 
the spring recovers can change by 10°C 
after the first few cycles. These effects are 
believed to be the result of progressive 
damage in the material as it goes through 
a large solid-to-solid first-order phase 
transformation (one requiring heating or 
cooling) that underlies the shape-memory 
effect. Thus, it comes as a breathtaking de- 
velopment that, on page 1004 of this issue, 
Chluba e¢ al. (2) demonstrate 10 million 
cycles with nearly exact repeatability of a 
comparable phase transformation under 


Me 


the exceedingly demanding conditions of 
full stress-induced transformation. 

Applied scientists have largely avoided 
using shape-memory alloys because of these 
reliability issues, but slightly Ni-rich NiTi 
has been a technological success in medical 
devices such as stents (in excess of $5 bil- 
lion worldwide) by taking advantage of the 
related stress-induced transformation. Note 
that for the shape-memory effect, the alloy 
returns to its original shape after heating, 
whereas during stress-induced transforma- 
tion, it recovers the original shape when the 
loading force is removed. 

These applications are successful be- 
cause only a one-time full transformation 
cycle is needed (or at most a few cycles), 
and NiTi is generally reliable under the 
very small strains needed. In the case of 
stents, this one-time cycle consists of se- 
verely deforming the cylindrical stent to a 
tiny radius, inserting it into a small plastic 
tube at the end of a guide wire, and then 
deploying it out of the tube with a cleverly 
designed mechanism once inside the hu- 
man body. The transformation tempera- 
ture T, in NiTi (which is easily modified 


Staying aligned. A possible realization of the idea of Chluba et al. for decreasing fatigue in shape-memory alloys. 


Under the cofactor conditions satisfied by their alloy Ti 


Cu,, ,Co, ., there are planes that undergo no distortion 


547iag7 12.3 


by the shape-memory transformation. One of these planes, designated P-P, is shown schematically in (A). Despite 
the large deformation caused by the transformation to martensite (B), the flattened precipitate that forms 
undergoes pure rotation and remains epitaxial (the matching uncolored regions in both panels remain aligned), 
which eases the transformation. These precipitates nevertheless are available to pin lattice dislocations, which leads 


to substantial strengthening. 
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Potential uses of multimillion-cycle phase transformation materials 


TECHNOLOGY PROPERTIES SWITCHED APPLICATIONS 
Actuation Shape-memory effect Medical and automotive actuators 

Remote field-induced cycling of in vivo devices 
Sensing Magnetoelectric properties Variety of mechanical, electrical, and magnetic sensors 


Dielectric tensor 
Susceptibility 


Information storage 
Switching 


Solid-state refrigeration 


Direct energy conversion 


by minor compositional changes) governs 
which effect can be used. Shape memory 
occurs when T. is above room temperature, 
whereas stress-induced transformation oc- 
curs when 7, is below room temperature 
and involves no heating. 

For decades, putting the shape-memory 
effect “to work” has been a tantalizing 
prospect for researchers. In one full shape- 
memory cycle, the work output per volume 
of a NiTi wire is enormous (3). When lifting 
a weight during the “return” phase of the 
shape-memory effect, the wire can sustain a 
huge stress of 500 MPa while undergoing a 
contraction of 5%. Typically, such demand- 
ing conditions will lead to failure after only 
about 10 cycles. By comparison, the strain 
of the alloy Ti,,,Ni,,,Cu,,,Co,, found by 
Chluba et al. is smaller, 1.5 to 2.0%, and the 
maximum stress in each cycle is 400 MPa. 
However, this strain is appreciable, and 400 
MPa is a very large stress—twice the yield 
stress of a typical structural steel used in 
building construction—and such high val- 
ues should transfer to actuation via the 
shape-memory effect. 

What is most interesting about this alloy 
is that the emerging scientific strategy that 
underlies its discovery may be transferable 
to other alloy systems. This alloy closely sat- 
isfies the cofactor conditions, mathematical 
relations among the lattice parameters of 
the two phases that were derived on the ba- 
sis of purely theoretical considerations (4) 
[it is the second alloy satisfying these con- 
ditions, the first being Zn,,Au, Cu,, (5)]. If 
the cofactor conditions are satisfied, there 
is a remarkable degree of fitting between 
phases. Apparently, the plethora of low- 
energy microstructures, possible under the 
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Magnetoelectric properties 
Multiferroic properties 

Magnetization 

Polarization 

Magnetization 

Polarization 


Power electronics 


Electrocaloric effect 


cofactor conditions, plays an important role 
in the repeatability of the transformation. 
However, satisfaction of the cofac- 
tor conditions is not the whole story. The 
highly nonstoichiometric composition 
Ti,, Ni,,,Cu,,,Co,, leads to the formation 
of near-stoichiometric Ti,Cu precipitates. 
Despite the large strains, these precipitates 
have an approximate epitaxial relation to 
both phases (see the figure). This relation 
evokes the original strategy of the 1960s 
that led to the slightly Ni-rich Ni,, ,Ti,,, of- 
ten used today. This alloy supports Ni,Ti, 
near-epitaxial precipitates that strengthen 
the ordinarily soft high-temperature phase, 
leading to an improved (but far from per- 
fect) shape-memory effect in Ni,, ,Ti,, ,. 


“For decades, putting the 
shape-memory effect ‘to 
work’ has been a tantalizing 
prospect for researchers.” 


One consequence of the cofactor condi- 
tions is the presence of planes in the crystal 
lattice of one phase that are transformed 
without distortion to the other phase. 
Could it be that a family of flattened pre- 
cipitates aligned with these planes can lead 
to strengthening and still not impede the 
transformation? Although the general pic- 
ture is now clearer, we still have much to 
learn about the relation between conditions 
of compatibility and subtle processing steps 
that yield alloy-strengthening precipitates. 

What is on the horizon is quite unrelated 
to the NiTi system but involves a variety of 
alloys that not only have a large first-order 
phase transformation but also exhibit “fer- 
roic” properties—ferromagnetism or ferro- 


Published by AAAS 


Magnetocaloric effect 


Optical sensors and smart windows 
Magnetic element switching by focused electric fields 


Variety of electromagnetic and opticalswitches 


Solar or thermalheat-to-electricityconversion = 
Waste heat conversion in digital devices; powering spacecraft 


electricity (6, 7)—as well as ferroelasticity. 
Phase transformations can lead to a strong 
multiferroic response because ferroelectric- 
ity and ferromagnetism are highly sensitive 
to lattice parameters, which undergo large 
changes at a phase transformation. Thus, a 
material can transform from strongly mag- 
netic to nonmagnetic just by heating and 
cooling a few degrees, and phase transfor- 
mations could also switch transport and op- 
tical properties. Furthermore, the presence 
of latent heat may allow for direct conver- 
sion of heat into electricity. 

The coupling of elasticity, electricity, 
magnetism, and temperature creates many 
possibilities for sensors, actuators, micro- 
electronic and optical devices, information 
storage media, magneto-electro-caloric 
technology, and energy conversion de- 
vices (see the table). Materials are likely to 
emerge from this strategy of multiferroism 
by phase transformation (8, 9) that could 
satisfy strong conditions of compatibility 
between phases, together with appropriate 
strengthening mechanisms via controlled 
precipitation. @ 
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STRUCTURAL BIOLOGY 


A close view of photosystem I 


A high-resolution structure provides insight into solar 
energy conversion during photosynthesis 


By Roberta Croce 


hotosystem I (PSI) is an extremely 

efficient solar energy converter, pro- 

ducing one electron for nearly every 

photon absorbed (J). This large mul- 

tipigment-multiprotein complex is 

an essential constituent of the pho- 
tosynthetic membrane of plants, algae, and 
cyanobacteria. The energy of the photons 
absorbed by the PSI pigments is transferred 
to chlorophylls in the reaction center, 
where charge separation occurs. The high 
chlorophyll concentration in PSI maximizes 
light harvesting while minimizing the cost 
of protein synthesis; furthermore, its ab- 
sorption spectrum is broad and extends 
to the far-red wavelengths (2). PSI is very 
stable and only becomes photodamaged in 
the absence of electron acceptors (3). The 
structure of the Pisum sativum (pea) PSI 
at 2.8 A resolution reported by Qin et al. on 
page 989 of this issue (4) helps to explain 
how the pigment-protein complex achieves 
its remarkable performance. 

The structure shows the details of 16 
proteins, mostly integral membrane pro- 
teins, which provide the scaffold for more 
than 200 cofactors, including 155 chloro- 
phylls and 35 carotenoids. The core part 
of the complex, which contains 98 chlo- 
rophylls, has been conserved during evo- 
lution. As shown by Ben-Shem ez al., who 
solved the first structure of the PSI-LHCI 
(light-harvesting complex I) supercomplex 
(5), the core is very similar to that of cya- 
nobacterial PSI (6), with which it shares 10 
of the 12 subunits. In plants, the absorp- 
tion cross section of the core is increased 
by four LHCI subunits (Lhcal to Lhca4), 
which form a belt on one side of the core 
(5) and bind 57 chlorophylls and 13 carot- 
enoids (4). The high resolution of this part 
of PSI is the real breakthrough of the Qin 
et al. study. 

The PSI light-harvesting complexes are 
members of a large family functioning as 
outer antenna in plants and green algae. 
They are the most abundant membrane 
proteins on Earth. In these complexes, up 
to 18 pigments (chlorophyll a, chlorophyll b, 
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and several carotenoid species) are coordi- 
nated by a small apoprotein (7). Despite a 
highly conserved structure and pigment or- 
ganization, each light-harvesting complex 
has specific biochemical and spectroscopic 
characteristics (see the figure), implying 
that small structural differences can lead 
to large differences in functionality. In each 
complex, the protein acts as a smart matrix 
that modulates the affinity of the binding 
sites for different pigments and tunes their 
spectroscopic properties (8). 
High-resolution structures are necessary 
to understand the molecular basis of light 


Apoproteins 


Absorption spectra at 77 K 


Absorption 
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harvesting in these complexes. Previously, 
the structures of only two members of this 
family, LHCII and CP29, were available (7, 
9). Qin et al. now provide high-resolution 
structures of four additional light-harvesting 
complexes that reveal the chemical nature 
and the geometrical arrangement of each 
pigment in each binding site. 

A particularly interesting aspect is the 
fact that the light-harvesting complexes of 
PSI contain several chlorophylls with red- 
shifted spectra, called red forms, which 
expand the light-harvesting capacity of PSI 
to the far-red region (2); many photons are 
available in this region of the spectrum, 
particularly at the bottom of the plant 
canopy (J0). The introduction of far-red ab- 
sorbing pigments in other light-harvesting 
complexes could enhance the use of far- 
red-photons. This is one of the proposed 
strategies to improve the efficiency of the 
photosynthetic process in algae and crops 


(8, 11). Qin et al’s structure is an excellent 
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Similar structure, different properties. The figure compares the structures (4, 9) and spectroscopic properties 
[(2) and references therein] of Lhcal to Lhca4 and LHCIl, which are all members of the light-harvesting complex 
family. The apoproteins (side view) are composed of three transmembrane helices, which are almost perfectly 
superimposed. This part of the structure contains the ligands that coordinate most of the chlorophylls. The location 
and orientation of the chlorophylls (top view) is also very similar for the five complexes. However, the absorption 
spectra differ considerably, indicating that small differences in the environment of the pigments can have a large 
influence on the selectivity of the binding sites for chlorophylls a and b and on their absorption properties. The 
fluorescence spectra of the five complexes are dominated by the emission of the red-most (lowest-energy) pigments, 
which in all four Lhcas originate from the same chlorophylls. These spectra highlight the effect of the environment on 


tuning the spectroscopic properties of the pigments. 
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source of information for understanding the 
design rules of light harvesting and the ori- 
gin of the red forms. 

The structure also reveals particulars of 
the connections between light-harvesting 
complexes and the core and between each 
other. These data are crucial for detailed 
modeling and understanding of excitation 
energy transfer and trapping in PSI. It is 
the extremely fast excitation energy transfer 
that makes PSI the record holder for quan- 
tum efficiency, because it allows the protein 
complex to outcompete the intrinsic de- 
excitation mechanisms of the chlorophylls, 
which occur on a nanosecond time scale. On 
average, it takes less than 50 ps after absorp- 
tion of a photon by one of the 155 chloro- 
phylls of PSI to create charge separation in 
the reaction center (2), leading to 99% quan- 
tum efficiency. 

Fast excitation energy transfer is often 
associated with an energetic funnel, mean- 
ing that the excitation is transferred from 
high-energy to low-energy pigments, with a 
close distance between all pigments (8). Qin 
et al’s structure indicates that this does not 
apply to the entire PSI. A surprising result 
is the absence of most of the “gap chloro- 
phylls” that in the previous structure were 
observed between the Lhca belt and the 
core (12). Their absence leaves a large spatial 
gap between the light-harvesting subunits 
Lhca2 and Lhca4: and the core. To reach the 
reaction center, excitations from the Lhca 
belt should then mainly flow via Lhcal and 
Lhca3. Yet at first sight these pathways seem 
to be slow, because they contain a series of 
uphill energy transfer steps that involve both 
the red forms and chlorophyll b pigments, 
which are higher in energy than chlorophyll 
a pigments. Qin et al’s data need to be inte- 
grated with theoretical and experimental re- 
sults to understand the high efficiency of PSI 
even in the presence of these putative slow 
transfer steps. & 
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Exploiting sleep to modify 


bad attitudes 


Targeted memory reactivation of training-induced 
social counterbias during sleep 


By Gordon B. Feld and Jan Born 


ince the age of enlightenment in the 
18th century, liberty and equality have 
spread across the Western world, lead- 
ing to a decline in explicit racism and 
sexism. Nevertheless, the tendency 
to hold implicit prejudices of race or 
gender continues to drive discrimination (J, 
2). Indeed, recent news has been filled with 
reports on the rise of nationalistic groups, 
excessive police violence against minority 
group members, persisting unequal pay for 
women, and sexual harassment all across 
the developed world. On page 1013 in this is- 
sue, Hu et al. (3) show how such unwanted 
attitudes may be persistently changed by a 
social counterbias training when the fresh 
memories of this training are systematically 
reactivated during sleep after training. 

Sleep, and specifically deep or slow-wave 
sleep [non-rapid eye movement (REM) 
sleep], benefits memory formation by reac- 
tivating neuronal traces that were formed 
during the preceding period of wakefulness. 
This reactivation of specific memories leads 
to their strengthening and transformation 
(4). Such reactivation can be experimentally 
induced during slow-wave sleep by present- 
ing cues that were present during the prior 
period of memory acquisition. Initial studies 
showed that an odor present during learning 
of object locations enhances these memories 
when the participant is reexposed to the 
odor during slow-wave sleep after learning 
(5). These findings have been confirmed in 
numerous studies investigating different 
memory systems and also when auditory in- 
stead of olfactory cues are used (6-8). This 
basic research has firmly established the 
possibility of influencing sleep to enhance 
specific newly learned memories by targeted 
memory reactivation. 

The findings by Hu et al. now suggest 
that this method can also be used to influ- 
ence implicit attitudes that are known to 
typically manifest themselves early dur- 
ing childhood and remain very stable into 
adulthood (9). Before a 90-min nap, partici- 
pants underwent training aimed at coun- 
tering typical implicit gender and racial 
biases by learning to associate genders and 
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races with opposing attributes; that is, to 
associate female faces with science-related 
words and black faces with “good” words 
(see the figure). Critically, presentation of 
the to-be-learned counterassociations was 
combined with a sound, which served as 
a cue to promote the reactivation of the 
newly learned associations during a subse- 
quent nap while the participant was deep 
in slow-wave sleep. Only when this sound 
was re-presented during slow-wave sleep 


(t7 


..this method can be used 
to break long-lived, highly 
pervasive response habits 

deeply rooted in memory...” 


did the posttraining reduction in implicit 
social bias survive and was even evident 1 
week later. These findings are all the more 
convincing as the authors conducted the 
reactivation step during a 90-min daytime 
nap. During normal sleep at night, the ef- 
fects are expected to be even stronger, 
owing to the generally deeper and longer 
periods of slow-wave sleep and REM sleep. 
Additionally, the accompanying neuroen- 
docrine milieu makes nocturnal sleep even 
more efficient for memory reinforcement. 
Previous studies have shown that such 
targeted reactivation of memory during 
sleep can effectively extinguish unwanted 
behavior such as experimentally induced 
fear in humans (10, 11). The present study is 
the first to demonstrate that this method can 
be used to break long-lived, highly pervasive 
response habits deeply rooted in memory 
and thereby influence behavior at an en- 
tirely unconscious level. A hallmark of such 
automatically implemented habit memories 
is that their retrieval escapes cognitive con- 
trol exerted over consciously recalled explicit 
memory by the prefrontal cortical-hippo- 
campal system. In this regard, Hu et al’s data 
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Sleeping your way out of a bad attitude. Implicit social bias scores could be improved by applying a counterbias intervention comprising two 


asks: counterbias training with 


sound feedback and retrieval of the sound-counterbias association. This training-induced improvement was then stabilized by re-presenting the sound cue during sleep. (A) On 

the counterbias training, participants were shown separate pictures of men and women of different racial groups together with words from the opposing categories “science/art” 
and “good/bad”. When seeing an “incongruous” pair (e.g., face of a woman and the word “math”), participants had to respond by pressing a button. “Correct” and timely responses 
received a feedback sound. Congruent trials afforded no response. (B) On the sound-counterbias retrieval task, participants were instructed to drag and drop a face (e.g., a female 
face) onto the incongruous word (e.g., “math”) whenever they heard the sound that was associated with this specific counterbias during the preceding counterbias training. (©) The 
sound was then used to cue, and thereby reactivate, the memory of the newly learned counterbias association when the participant entered slow-wave sleep during a subsequent 
90-min nap. (D) A stable reduction of implicit social bias, persisting 1 week later, was only achieved if the counterbias intervention was cued during the nap. 


suggest that sleep is a brain state labilizing 
even strong habit-like implicit memories. 
This putatively makes them susceptible to 
modification through treatments targeting, 
in the first place, the explicit hippocampus- 
dependent memory system. 

Hu e¢ al. certainly demonstrate the strik- 
ing potential of targeted memory reactiva- 
tion during sleep to modify deeply rooted 
attitudes. Together with the ongoing de- 
bate on the longevity and effectivity of so- 
cial bias interventions (72), these findings 
raise a number of questions regarding the 
underlying neurophysiological and psycho- 
logical mechanisms. One is why such en- 
during modifications cannot be achieved by 
targeted reactivations during wakefulness. 
Perhaps countering the preexisting racial 
or gender bias by memory reactivation dur- 
ing sleep leads to an immediate weakening 
of the original bias memory trace, indicat- 
ing that during sleep even very old traces 
can reenter a labile state. Alternatively, the 
procedure might induce an extinction-like 
suppression of the original bias by a newly 
learned counterbias. Such new learning of 
response suppression implicates the acti- 
vation of the machinery of synaptic plas- 
ticity during sleep. Here, another detail of 
Hu e¢ al’s findings is of interest, suggesting 
that the long-term improvement in social 
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bias was additionally linked to posttrain- 
ing REM sleep, which represents a state of 
increased synaptic plasticity. This indeed 
fits a “sequential” view on sleep’s role in 
memory formation (4): Each bout of slow- 
wave sleep and accompanying reactivation 
transforms the new counterbias traces 
and primes the participating synapses for 
lasting synaptic changes that are induced 
during the subsequent phase of REM sleep 
(e.g., by activation of immediate early genes 
and protein synthesis). 

However, new learning of an extinction- 
like suppression also suggests that effects 
might depend strongly on the learning con- 
text. If so, the risk of spontaneous recovery 
of the original social bias is increased when 
the person leaves the behavior modification 
setting, as well as with increasing time after 
the treatment. Unless the underlying mech- 
anisms are understood, there is a risk that 
seemingly marginal changes in the proce- 
dures of targeted memory reactivation dur- 
ing sleep might produce precisely opposite 
results of the desired effects. Indeed, just 
such reversals have been seen in studies ap- 
plying this method to counter fear responses 
(13). The possibility of such an outcome 
is further suggested by interventions that 
paradoxically increase social bias instead of 
reducing it (74). 
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There is little doubt that the study of Hu 
et al.—with its clear implications for soci- 
ety—will motivate research to resolve these 
remaining issues. However, Aldous Huxley’s 
description of a dystopian “brave new world” 
where young children are conditioned to cer- 
tain values during sleep reminds us that this 
research also needs to be guided by ethical 
considerations. Sleep is a state in which the 
individual is without willful consciousness 
and therefore vulnerable to suggestion. Be- 
yond that, Hu et al’s findings highlight the 
breadth of possible applications to perma- 
nently modify any unwanted behavior by 
targeted memory reactivation during sleep. & 
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APPLIED PHYSICS 


Obtaining optical properties on demand 


Reconfigurable metamaterials provide a flexible platform for nanophotonic technology 


By Nikolay I. Zheludev'” 


ith the developments in nano- 

technology that enable atoms, 

singly or in clumps, to be moved 

and arranged at will, we now have 

the capability of creating meta- 

materials that can display proper- 
ties not found in naturally occurring media. 
Today lenses are being developed that im- 
age more sharply than glass lenses, and ma- 
terials can be designed that make objects 
invisible or bend light beams into any cho- 
sen trajectory. We look here at the impact 
that metamaterials are having on photonics 
(see the figure). 

Despite the achievements so far, photonic 
metamaterials cannot yet be used for many 
practical applications because of limitations 
associated with energy dissipation in the 
metals used to construct them. Alternatives 
are being sought in oxides and nitrides (J), 
topological insulators, and two-dimensional 
materials, which could offer improved 
plasmonic response, and in high-index di- 
electrics delivering resonant metamaterial 
properties with negligible losses (2). Planar 
phase and intensity holograms exploiting 
metamaterials with spatially variable char- 
acteristics may have potential for novel ap- 
plications (3, 4). Metamaterials with zero 
dielectric permittivity (5) and topologically 
protected surface modes (6) promise new 
waveguide technologies; metamaterials 
with tailored hyperbolic dispersion (7) can 
enhance luminescence and improve optical 
gain. An emerging direction is to use meta- 
materials for optical computation (8) and 
thermal and radiation management. 

The most remarkable recent develop- 
ment in this materials science is that we 
can now tune and switch metamaterial 
optical properties (9). However, today’s 
challenge is not only to achieve homoge- 
neous change of optical response across 
the entire volume of the metamaterial, 
but to develop the “on-demand” control 
of individual metamolecules in the mate- 
rial. By analogy with electronic random 
access memory, such structures are called 
“randomly accessible metamaterials.” These 
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metamaterials will not only allow for mod- 
ulation of light’s intensity or phase, but will 
offer full active control of the wavefront of 
electromagnetic radiation, tailoring of the 
near field, and ultimately multichannel 
data processing. Developing randomly ac- 
cessible photonic metamaterials is a chal- 
lenge: The metamolecules would have to 
be subwavelength optical switches with a 
physical volume of about 10-” m*. To have 
an impact on telecommunications technol- 
ogies, such switches must also be fast and 
energy-efficient. 

Do we have in sight physical processes 
that can sufficiently alter the optical proper- 
ties of individual metamolecules such that 
they can change the phase and intensity of 
the transmitted and reflected light? Liquid 
crystal and digital micromirror spatial light 
modulators are well known, but they have 
pixels at least a few micrometers in size, too 
big for metamaterial applications, and their 
bandwidth is only a few tens of kilohertz at 
best, whereas electro-optical crystal modu- 
lators are fast but bulky. However, there are 
emerging technologies that can deliver not 
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only metamolecular-level switching con- 
trolled by electric or magnetic signals, but 
also switching with light. These are nano- 
optomechanical, phase-change, and coher- 
ent control technologies. 

Some exceptional opportunities are pro- 
vided by nano-optomechanics that takes 
advantage of the changing balance of 
forces at the nanoscale. At the submicrom- 
eter dimensions of the metamolecules, 
electromagnetic forces compete with elas- 
tic forces and can thus be used to reconfig- 
ure the shape of individual metamolecules 
or their mutual arrangement. Structured 
semiconductor nanomembranes are the 
ideal platform for such nano-optomechan- 
ical reconfigurable metamaterials (JO). 
These structures can be driven thermoelas- 
tically, electrically, and magnetically. They 
can also be reconfigured by light-induced 
forces between elements of illuminated 
metamolecules. Their nonlinear, switch- 
ing, electro-optical and magneto-optical 
characteristics can surpass those of natu- 
ral media by orders of magnitude. More- 
over, the nanoscale metamaterial building 
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Mighty metamaterials forest. Metamaterials were first developed as artificial media structured on a size scale smaller 
than the wavelength of external stimuli. They showed novel, now well-understood electromagnetic properties, such as 
negative index of refraction or optical magnetism, allowing devices such as optical cloaks and superresolution lenses. 
Tunable, nonlinear, switchable, gain-assisted, sensor, and quantum metamaterials appeared and increased the potential 
for device integration of metamaterial technology. The coming challenge is to develop metamaterials with on-demand 
optical properties that may be independently controlled for every individual metamolecule of the nanostructure. 
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blocks can be moved very fast, potentially 
offering gigahertz bandwidth switching. 
The first generation of randomly accessible 
reconfigurable metamaterials or nano- 
membranes, providing control in a single 
spatial dimension, have been realized and 
can function as refocusable lenses or dy- 
namic diffraction gratings. 

Phase change is another technology 
that can work for metamolecular-level 
switching. Initially developed for rewrit- 
able optical discs, it offers a mechanism 
for nonvolatile switching of optical prop- 
erties within a nanoscale volume (17). This 
provides a new platform for creating opti- 
cal components that are written, erased, 
and rewritten as two-dimensional binary 
or grayscale patterns into a film of chalco- 
genide glass using tailored trains of femto- 
second pulses. Reconfigurable bichromatic 
and multifocus Fresnel zone plates, super- 
oscillatory lenses with subwavelength fo- 
cus, grayscale holograms, and a dielectric 
metamaterial with on-demand resonances 
have been demonstrated. 

Another emerging technology for con- 
trolling and switching the manifestation 
of optical properties in metamaterials is 
coherent control. A highly absorbing plas- 
monic metamaterial film of subwavelength 
thickness that is placed in the node of a 
standing wave formed by counterpropagat- 
ing control and signal waves will see zero 
electric field and so will not absorb the 
light. Any change in the phase or intensity 
of the control wave will distort the standing 
wave pattern and destroy the regime of zero 
absorption. This effect can underpin vari- 
ous forms of optical switching (12) operat- 
ing down to the level of a few photons and 
with a modulation bandwidth up to 100 
THz, presenting powerful opportunities 
for laser spectroscopies, image processing, 
and data handling in the locally coherent 
networks that are increasingly part of the 
mainstream telecommunications agenda. & 
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INFECTIOUS DISEASES 


Overcoming neglect of 
kinetoplastid diseases 


Drug development offers hope for controlling diseases 
that affect millions of people worldwide 


By Graeme Bilbe 


f the 17 neglected tropical diseases 

listed by the World Health Organiza- 

tion (WHO) (J), three are caused by 

parasitic kinetoplastid protozoa: hu- 

man African trypanosomiasis (HAT; 

also known as sleeping sickness), 
leishmaniasis, and Chagas dis- 
ease. The three diseases are re- 
sponsible for high mortality and 
morbidity among the world’s 
poorest populations. Although 
these and other neglected dis- 
eases have received increased 
attention over the past decade, 
new drugs are still scarce: 
From 2000 to 2011, only 4% of 
new drugs and vaccines were registered for 
neglected diseases (2). However, the drug 
development pipeline, with sustained re- 
sources and research efforts, should see the 
delivery of new drugs for these diseases over 
the next decade. 


KINETOPLASTID DISEASES. Transmitted 
by insects, these poverty-related infectious 
diseases are genetically highly diverse. They 
cause a spectrum of often 
chronic visceral and dis- 
figuring skin diseases that 
can be fatal and that exact 
a high socioeconomic bur- 
den on patients and their 
families. Most cases occur 
in impoverished countries 
with poor health resources, 
but the diseases are also re- 
emerging in Europe and the 
United States. 

HAT is caused by Try- 
panosoma brucei (see the 
first figure). It is transmit- 
ted by the bite of an infected 
tsetse fly and is fatal without 
treatment. Active case detec- 
tion and treatment have led 
to a fall in the number of 
cases, currently estimated at 
20,000, and sustained efforts 
are vital to ensure that the 
WHO’s target to eliminate 
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HAT as a public health problem by 2020 is 
achieved and maintained. The initial hemo- 
lymphatic phase of the disease generally goes 
undiagnosed without active surveillance. 

Leishmaniasis is caused by Leishmania 
parasites that are transmitted by phleboto- 
mine sandflies. Visceral leishmaniasis (fatal 
without treatment) and cutaneous leish- 
maniasis are the two most com- 
mon forms of the disease, which 
is prevalent in 98 countries with 
350 million people at risk. Leish- 
maniasis was long considered 
not to be a public health threat to 
high-income countries, but pop- 
ulation increases, migration, and 
climate change may be spreading 
it, as highlighted by a recent seri- 
ous outbreak in Madrid, Spain (3). Of even 
greater concern is the change in epidemiol- 
ogy of the more serious visceral form due to 
the spread of HIV (4). 

Chagas disease is caused by T. cruzi 
parasites. An estimated 6 million to 7 mil- 
lion people worldwide are infected with the 
parasite. The disease is endemic in 21 coun- 
tries of Latin America, where it causes more 
deaths than malaria, but can remain asymp- 


Trypanosoma sp. parasites in blood smear from a patient with African 
trypanosomiasis. The parasites are about 16 to 42 um long. 
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tomatic for many years. Chronic symptom- 
atic disease, which most often affects the 
heart and digestive tract, develops in up to 
30% of cases. 


DRUG DISCOVERY CHALLENGES. There is 
a need for affordable treatments that are 
adapted for use in resource-poor settings 
and can withstand the environmental con- 
ditions of endemic countries. Challenges to 
drug discovery and development include a 
lack of understanding of drug targets and 
obstacles to developing high-throughput 
screening technologies. In addition, there 
is a paucity of animal models predicting 
efficacy in patients, with further challenges 
in performing clinical studies that meet 
international standards in resource-poor 
settings. 

Given the relatedness of the kinetoplas- 
tids, it is hoped that future 
oral therapies developed for 
one species may have utility 
against another. However, this 
goal remains unmet, because 
the biology of the parasites 
during disease and the essen- 
tial biological pathways neces- 
sary for parasite survival in the 
host are not well understood, 
and selection of lethal drug 
targets unique to the parasite 
has not been possible to date. 
For leishmaniasis, varying lev- 
els of drug efficacy are docu- 
mented for South Asian, East African, and 
Latin American patient populations (5, 6), 
illustrating the lack of understanding of 
parasite diversity and parasite-host interac- 
tion in the action of therapeutic agents. 

Translation into the clinic is a further 
challenge for kinetoplastid disease thera- 
pies. Kinetoplastid parasites are accom- 
plished evaders of host immune response, 
complicating animal testing of drugs and 
the interpretation of animal test data. Lack 
of knowledge about parasite evasion mecha- 
nisms and the complexities of drug action 
in animal models can lead to an overestima- 
tion of “cure” in humans. Lewis et al. have 
used noninvasive bioluminescence imaging 
to show how T: cruzi parasite load varies by 
tissue type over time (see the second figure) 
(7). The results highlight the need for serial 
sampling of accessible tissue compartments 
to demonstrate the absence of parasites in 
patients during and after treatment, as well 
as for improved biomarkers and diagnostics 
for Chagas disease. 

Not all drug candidates will advance un- 
hindered through development, and resis- 


and time (7). 1 
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tance to new drugs may render new tools 
quickly ineffective in therapeutic settings. 
Alternatives will thus be needed. However, 
the rise of resistance can be countered by 
developing combinations of drugs with dif- 
ferent mechanisms of action, as has been 
shown with older drug combinations such as 
NECT (nifurtimox-eflornithine combination 
therapy) for HAT or sodium stibogluconate 
and paromomycin for visceral leishmaniasis. 
Only new drugs will overcome the remain- 
ing serious issues of drug administration 
and toxicity. 

Further challenges are faced as candi- 
date drugs progress into clinical studies. A 
human experimentally induced infection 
model for malaria (8) allows rapid testing 
of promising candidates in healthy volun- 
teers inoculated with low numbers of para- 
sites and treated with a test drug. Should 


5 9 14 21 


Hide and seek. Bioluminescence imaging of mice infected with T. cruzi parasites shows that infection is highly dynamic in space 
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the test substance show lack of efficacy 
against the parasite, a proven treatment is 
administered to prevent the development 
of full-blown disease in healthy volunteers. 
Combining safety and efficacy tests in this 
way can expedite progress to large-scale 
field trials in patients. Unfortunately, drugs 
for kinetoplastid diseases cannot currently 
be tested in this way, and new treatments 
require lengthy follow-up to demonstrate 
sustained recovery by the patient. 

It is also crucial that evidence-based 
clinical research in endemic countries is 
conducted to the same standards as those 
demanded in the developed world. Care- 
ful consideration is needed to ensure that 
patient consent is properly obtained. Local 
ethical requirements need to be met and cul- 
tural needs respected. It is often necessary 
to improve site infrastructure by equipping 
sites with solar energy or generators to run 
laboratory equipment and to guarantee the 
cold chain required for samples, together 
with Internet access for the transmission 
of clinical data. Local personnel need to be 
trained in the conduct of clinical trials to 
conform to international standards, and ac- 
cessing sites can be difficult, especially dur- 
ing the rainy season. 
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There is also a continued need for rapid, 
sensitive, and specific diagnostic tests for 
patient screening and to confirm parasito- 
logical cure following treatment. In the case 
of HAT, although a first generation of rapid 
diagnostic tests (RDTs) with high sensitiv- 
ity and specificity has been developed, they 
still need to be deployed, particularly in 
order to extend passive screening in fixed 
health facilities. A second generation of 
RDTs based on recombinant antigens is in 
development, but the need to find a confir- 
matory surrogate marker of parasitologi- 
cal cure following treatment remains. The 
need for rapid tests goes beyond clinical tri- 
als; for instance, by mobile teams in Africa 
who travel to villages far from treatment 
centers to screen, diagnose, and determine 
the state of HAT progression. Disease stag- 
ing requires examination of cerebrospinal 
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The figure shows snapshots of infection in the same mouse over the course of 140 days. The colors indicate the 
bioluminescence intensity from low (blue) to high (red). 


fluid obtained by lumbar punctures, and 
needs to be carried out at diagnosis and 
after treatment. Ultimately, rapid tests will 
become part of the tool kit needed to carry 
out a “test and treat” strategy at the village 
level for disease elimination. 


THE DRUG PIPELINE. Until 2009, thera- 
pies for the advanced, neurologic phase of 
HAT were toxic or difficult to administer. 
The main treatment, the arsenic compound 
melarsoprol, required 10 painful daily injec- 
tions, with ~5% treatment-related mortality. 
The current combination of oral nifurtimox 
and infusions of eflornithine (NECT) is a vast 
improvement, but requires patient hospital- 
ization. Two compounds undergoing clinical 
evaluation may become the first oral-only 
treatments: fexinidazole and SCYX-7158 are 
in phase IIb/III and phase I trials, respec- 
tively (9), and are potentially useful for both 
stages of the disease. 

Pentavalent antimonials have long been 
used to treat visceral leishmaniasis despite 
requiring slow, painful injections or infu- 
sions; side effects include cardiotoxicity 
and pancreatitis. Parasite resistance to such 
therapies is on the increase. New formula- 
tions and alternative treatments (including 
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liposomal amphotericin B, miltefosine, and 
low-cost paromomycin) have become avail- 
able over the past decade, but each has dis- 
advantages, such as difficult administration, 
toxicity, or cost. There are also regional dif- 
ferences in response to therapy. Exploratory 
studies are evaluating the efficacy of fexi- 
nidazole in visceral leishmaniasis patients, 
and several potential oral drug candidates 
are undergoing preclinical evaluation. 
Benznidazole and nifurtimox are the only 
available treatments with potential to cure 
Chagas disease, but have many side effects. 
Recent trials with two azole class com- 
pounds—posaconazole and the ravuconazole 
pro-drug E1224—showed neither to be suffi- 
ciently effective alone (0, 11), although ben- 
znidazole monotherapy did show sustained 
effect for 12 months and longer. More clini- 
cal studies are under way to determine the 
efficacy and tolerability of benznidazole at 
lower doses and/or with altered treatment 
duration, and in combination with E1224. 


OUTLOOK. Neglected diseases still lack 
sufficient investment. Attempts to miti- 
gate the lack of resources through collab- 
orations, open sharing of information to 
avoid duplication of research effort, and 
harnessing new technologies to enhance 
discovery programs are ongoing. However, 
sustainable funding is needed to ensure the 
development of a new generation of orally 
active therapies. Progress toward effective 
oral therapies for Chagas disease and vis- 
ceral leishmaniasis is slow and will require 
continued efforts in discovery and develop- 
ment for at least another decade. However, 
notable advances have been made in the de- 
velopment of HAT treatments, with orally 
active therapies close to finishing pivotal 
clinical trials. These drugs should become 
part of the arsenal in ongoing efforts to 
eliminate this deadly disease. ™ 
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Expanding 
the role of 


metabolism 
in T cells 


A protein links 
mitochondrial energetics 
to T cell proliferation 


By David O’Sullivan and Erika L. Pearce 


nderstanding the mechanistic pro- 

cesses that govern T cell responses is 

crucial to enhancing immunothera- 

pies against human disease. Naive 

CD8 T cells extensively proliferate in 

response to antigen, creating a large 
pool of effector T cells that clear tumors or 
infected cells. During this process, T cells 
metabolically reprogram to meet energy 
demands and supply biosynthetic precur- 
sors necessary for proliferation (7). On page 
995 of this issue, Okoye et al. (2) identify 
lymphocyte expansion molecule (LEM), a 
protein that targets T cell metabolism and 
enhances proliferation. LEM improved CD8 
T cell-mediated viral and tumor clearance 
and boosted memory T cell numbers. These 
findings suggest that modulating T cell me- 
tabolism by targeting LEM could alter the 
course of cancer, autoimmunity, or infection. 

Okoye et al. identified LEM by analyzing 
antiviral CD8 T cell responses in mice that 
had chemically induced germline mutations. 
Increased numbers of virus-specific CD8 T 
cells were found in one mouse (called Retro). 
The enhanced expression of LEM in this 
mouse was consistent with a mutation in the 
BCO55111 gene. Through a series of experi- 
ments, the authors predicted that this muta- 
tion led to stabilization of LEM messenger 
RNA (mRNA) through the loss of an alterna- 
tive splicing factor/splice factor 2 (ASF/SF2) 
binding site, and a subsequent reduction in 
nonsense-mediated decay, a targeted process 
that can degrade mRNA. 

Okoye et al. infected Retro mice with lym- 
phocytic choriomeningitis (LCMV) clone 13, 
which establishes a chronic infection, and 
found reduced viral titers that correlated 
with increased numbers of virus-specific 
CD8 T cells and lysis of infected cells. On a 
per cell basis, killing by Retro CD8 T cells 
was identical to that of wild-type cells, indi- 
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cating that the greater antiviral immunity in 
Retro mice was not due to enhanced func- 
tion as a consequence of LEM, but rather 
due to increased numbers of CD8 T cells. 
Although Retro mice exhibited enhanced 
T cell responses and reduced viral titers, 
they died 2 weeks after infection, whereas 
all wild-type mice survived. Elevated effector 
T cell-mediated cytolysis in Retro mice sug- 
gested a pathology resulting in a fatal loss 
of vascular integrity (3). There is a trade-off 
between killing infected cells and limiting 
damage to healthy tissue. Reaching the right 
balance is crucial for an effective immune re- 
sponse and is context dependent. Consistent 
with this idea, in contrast to infection with 
LCMV clone 13, Retro mice infected with 
LCMV Armstrong, which causes an acute 
infection, exhibited no mortality, despite 
still having appreciably more effector CD8 
T cells. Of note, Retro CD8 T cells exhibited 
reduced programmed cell death-1 (PD-1) 
expression after LCMV clone 13 infection. 
PD-1 negatively regulates T cell activation, 
and lower expression can cause sustained 


“.-.metabolism can determine 
biological outcomes in the 
immune system.” 


effector T cell responses (4). Reduced PD-1 
expression with increased proliferation 
(and thus a larger CD8 T cell response) in 
Retro mice may be a deadly combination in 
chronic infection. In infections like LCMV 
clone 13, where antigen expression is sus- 
tained, PD-1 mediated signaling and T cell 
exhaustion may be a protective mechanism 
to limit pathologic T cell responses (3, 5). 

Although reduced PD-1 expression and 
enhanced CD8 T cell proliferation could be 
detrimental during chronic infection, they 
are likely to be favorable in cancer or acute 
infection. In a B16 melanoma mouse model, 
CD8 T cells from Retro mice reduced tumor 
burden. Also, memory T cells increased after 
infection with LCMV Armstrong. This may 
be due not to a direct function of LEM in 
memory T cells, but to the larger primary im- 
mune response, from which memory T cells 
emerge. This is supported by the decrease in 
LEM in both wild-type and Retro CD8 T cells 
8 days after infection, when effector T cells 
begin to die and memory T cells persist; it 
is also consistent with the lower frequency 
of memory T cell precursors in Retro mice, 
despite their greater numbers. 
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To identify how LEM promotes CD8 T cell 
proliferation, Okoye et al. used yeast two- 
hybrid screens and immunoprecipitation to 
pinpoint LEM binding partners. They found 
that LEM associates with CR6 interacting 
factor 1 (CRIF1), a protein required for the 
synthesis and insertion of polypeptides into 
the inner mitochondrial membrane, which 
is needed for effective oxidative phosphory- 
lation (OXPHOS) (6) (see the figure). Loss 
of CRIF1 or LEM inhibited T cell prolifera- 
tion. LEM-CRIF1 interaction increased both 
the expression of proteins necessary for 
OXPHOS and the activity of protein com- 
plexes of the electron transport chain. De- 
spite the increased OXPHOS in Retro CD8 T 
cells, no decrease in the extracellular acidifi- 
cation rate, an indicator of aerobic glycolysis, 
was observed, suggesting a substantial net 
increase in adenosine 5’-triphosphate (ATP) 
production. Localization of CRIF1 to the nu- 
cleus has previously been linked to negative 
regulation of the cell division cycle (7). Per- 
haps CRIF1 recruitment to the mitochondria 
removes a cell cycle block, while concomi- 
tantly enhancing OXPHOS. 

The production of reactive oxygen species 
(ROS) derived from OXPHOS is crucial for T 
cell activation and proliferation (8). Okoye et 
al. hypothesized that enhanced ROS produc- 
tion augments proliferation of Retro T cells. 
On day 8 after LCMV infection, Retro CD8 T 
cells had increased amounts of ROS, which 
was reduced by the superoxide dismutase mi- 
metic, MnTBAP. Administration of MnTBAP 
in Retro mice after LCMV infection also re- 
duced T cell proliferation and elevated LCMV 
titers. The authors concluded that mitochon- 
drial-derived ROS drives CD8 T cell expan- 
sion in Retro mice. 
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Metabolic reprogramming. Upon activation, naive 

T cells undergo a change in metabolism to support 
proliferation and development into effector T cells. 
Activation drives LEM expression, and its interaction with 
CRIF1 enhances OXPHOS and ROS production. 


Although this is a plausible hypothesis, 
further studies are needed to identify a direct 
link between LEM, mitochondrial ROS, and 
T cell proliferation. Deletion of CRIF impairs 
activity of all electron transport chain com- 
plexes except complex I, and promotes ROS 
production (3). It is conceivable that LEM- 
CRIF interactions, in addition to enhancing 
OXPHOS, may alter the balance in expres- 
sion and activity of electron transport chain 
complexes, affecting ROS or redox balance in 
a way that promotes proliferation. How in- 
creased ROS is sustained at day 8 after infec- 
tion when LEM expression is reduced, and 
whether the effects of MnTBAP are specific 
to mitochondrial ROS in CD8 T cells remain 
to be determined. Also, what role enhanced 
OXPHOS, and thus a likely increase in ATP 
production and carbon flux through the mi- 
tochondria, has in the observed phenotype 
is still unclear. Nonetheless, the finding that 
LEM controls T cell proliferation by meta- 
bolic reprogramming further establishes that 
metabolism can determine biological out- 
comes in the immune system. 
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MICROBIOLOGY 


Flexible 
gene pools 


Rapid genetic exchange leads 
to mosaic genomes in 
cyanobacterial populations 


By Michael M. Desai? 
and Aleksandra M. Walczak? 


volution acts to shape genetic varia- 

tion within populations. However, in 

microbial communities, it is often sur- 

prisingly difficult to characterize what 

the “population” actually represents. 

This makes it hard to interpret the di- 
versity often observed in microbial commu- 
nities. To what extent is diversity within a 
microbial species (or operational taxonomic 
unit, typically defined to span ~3% 16S rRNA 
sequence divergence) representative of one 
population occupying a single ecological 
niche? Do multiple sequence clusters in a 
given population represent distinct func- 
tionally diverse strains? And by how much 
does genetic exchange blur the boundaries 
of strains and species? On page 1019 of this 
issue, Rosen e¢ al. (1) show that rapid genetic 
exchange maintains extensive diversity of 
mosaic genomes in a cyanobacterial biofilm 
community, despite the action of selection 
on many individual loci. 

Naturally occurring microbial diversity 
has traditionally been studied with ap- 
proaches based on short but conserved ge- 
nomic regions such as 16S ribosomal RNA, 
or on sequencing a few distinct loci (multi- 
locus sequence typing, MLST). These meth- 
ods provide a relatively coarse view of the 
population structure. The results suggest 
that microbial populations often consist of 
multiple distinct sequence clusters, each of 
which contains closely related genotypes. 
These sequence clusters can be interpreted 
as functionally distinct “ecotypes” that oc- 
cupy specific ecological niches (2). 

Advances in sequencing technology now 
make it possible to probe microbial diver- 
sity at much finer resolution. However, it is 
difficult to understand the overall structure 
of genomes based on short-read sequences 
from natural microbial populations. In par- 
ticular, it remains unclear whether exten- 
sive diversity across a microbial genome in 
whole-population sequencing data arises 
from a small number of distinct but co- 
herent strains (see the figure, panel A) or 
977 
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whether there is a more flexible gene pool, 
with individuals freely exchanging parts of 
their genome (3) (see the figure, panel B). 

To address these questions, microbial 
ecologists have recently used isolate and 
single-cell sequencing methods, which cir- 
cumvent the limitations of short-read se- 
quencing of mixed communities. Studies of 
isolate genomes from Vibrio bacteria (4) and 
thermophilic archaea (5) show that recom- 
bination maintains genome-wide diversity 
despite selective sweeps that purge genetic 
variation at individual advantageous loci. A 
recent study of ~1000 individual Prochloro- 
coccus genomes showed that these commu- 
nities consist of a set of coherent strains. 
Each strain is characterized by specific al- 
leles of a set of core genes (a conserved 
“genomic backbone”), along with a smaller 
group of strain-specific flexible genes (6). 
These strains fluctuate in frequency with 
time but coexist stably over long time scales, 
supporting the idea that they represent dis- 
tinct ecotypes (see the figure, panel A). 

Rosen et al. now introduce an alternative 
framework to analyze the structure of Syn- 
echococcus cyanobacterial biofilms. They 
begin by sequencing whole-population sam- 
ples at multiple specific loci, an extension of 
traditional MLST. By sequencing each locus 
relatively deeply (sampling many individual 
cells), the authors can characterize within- 
locus genetic variation. This deep-sequenc- 
ing approach is related to methods used in 
other systems (such as laboratory evolution 
experiments), but is relatively uncommon in 
microbial ecology. To analyze the data, the 
authors first use a traditional measure of 
correlations between sites, known as linkage 
disequilibrium, to estimate recombination 
rates. They then study the joint distribution 
of allele frequencies at two sites (a less com- 
monly used measure of how a mutation at 
one site correlates with a mutation at an- 
other site) as a function of the distance be- 
tween these sites. 

This combination of data and analysis 
sheds light on both the structure of the vari- 
ation in the population and the evolutionary 
forces that lead to this structure. If the com- 
munity consists of coherent strains evolving 
in well-separated niches, allele frequencies 
among members of the same strain should 
be correlated even at long genomic dis- 
tances. Instead, Rosen et al. find that these 
correlations decay rapidly with distance, 
arguing for a freely recombining gene pool 
without coherent strains corresponding to 
stable ecotypes (see the figure, panel B). 
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Structures of genomic diversity in a cyanobacterial biofilm. Diversity can be organized into coherent strains, 
each adapted to a specific ecological niche (A). Alternatively, extensive genetic exchange can lead to mosaic 
genomes despite the action of selection on many individual loci (B). Rosen et al. show that patterns of diversity in 


a cyanobacterial biofilm community support the latter view. 


To probe the effects of natural selection in 
these populations, Rosen et al. exploit meth- 
ods for correcting PCR and sequencing errors 
(7) to focus particularly on rare alleles. The 
idea is that selection acts to rapidly increase 
or decrease the frequency of mutations, so 
that alleles are either new and rare or old and 
common. Frequency correlations between 
sites will be strong for rare alleles, which are 
new and have not had time to recombine. 
Without selection and recombination, we ex- 
pect the opposite effect: Only high-frequency 
alleles should be correlated. By comparing 
site frequency correlations at different dis- 
tances as a function of allele frequency with 
neutral expectations, Rosen e¢ al. can narrow 
down the possible evolutionary scenarios. 

The results from this analysis show that 
variable selection pressures act on many 
individual loci. These selection pressures 
likely include frequency-dependent or local 
selection pressures that change the frequen- 
cies of individual alleles (8, 9). But instead 
of creating coherent strains, these selection 
pressures only structure diversity on local ge- 
nomic scales, with recombination dominat- 
ing on longer scales. This leads to a highly 
diverse “quasisexual” population without dis- 
tinct genome-wide ecotypes (see the figure, 
panel B). 
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This evolutionary scenario is much more 
complex than is typically envisioned by 
evolutionary models. Nevertheless, these 
cyanobacterial communities are ultimately 
subject to the same laws of population ge- 
netics as other systems. Rosen et al. show 
that with appropriate theoretical and ex- 
perimental methods, it is possible to char- 
acterize the evolutionary forces acting in 
these cyanobacteria. The authors do so with 
much less raw sequencing data than would 
be required in the case of single-cell genom- 
ics. Their approach shows how carefully 
designed empirical methods, guided by 
theoretical expectations, make it possible to 
tease apart the ecological and evolutionary 
forces that shape complex patterns of diver- 
sity in microbial communities. & 
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Digitizing the biosphere 


Will sequencing every organism on Earth safeguard against the next mass extinction? 


By Michael A. Goldman 


pecies are becoming extinct more 

rapidly than we can catalog, let 

alone understand them, and some 

have argued that we are hurtling to- 

ward a sixth mass extinction (J). In 

their brief book, Biocode: The New 
Age of Genomics, Dawn Field and Neil Da- 
vies propose that to safeguard Earth’s bio- 
diversity, we should produce an exhaustive 
DNA sequence catalog of every organism 
on our planet. They argue persuasively 
that an “Earth Biocode” is both conceivable, 
because of advances in technology, and ur- 
gent, because of the impending loss of spe- 
cies and destabilization of our biota. 

Biocode begins with a review of the his- 
tory of genetics, although it reads more 
like a story than a textbook, describing, 
for instance, a letter Francis Crick wrote to 
his son about his breakthrough in charac- 
terizing the structure of DNA rather than 
recapitulating the classic paper. Many of 
the key characters are there, but Rosalind 
Franklin and Erwin Chargaff are among 
those forgotten. 

The book quickly becomes a rapid-fire 
catalog of recent research triumphs, touch- 
ing upon much that is exciting in genomics 
right now. Both authors are professionally 
involved in biodiversity and in biocode proj- 
ects—Field has collaborated on a metage- 
nomic study of microbes in the “L4 site” in 
the Western Channel Observatory, and Da- 
vies is the lead principal investigator of the 
Moorea Biocode Project, an initiative that 
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seeks to sequence all nonmicrobial species 
on the Pacific island of Moorea. 

I wish I could say that I came away from 
reading Biocode with a clear, crisp defini- 
tion of the term, but I think I understand 
it less right now than I did before. The 
authors initially compare the biocode to 
a barcode and define it as a standardized 
snippet of DNA that is unique to each spe- 
cies. However, later on it’s also defined as 
“two or more interacting genomes.” Each of 
my own cells could be considered to contain 
two “interacting genomes” in the form of 
two homologous sets of chromosomes, but 
I could also be considered an ensemble of 
my own genome and that of billions of as- 
sociated microbes. Which sequences would 
define my biocode? 

As the authors’ definition expands to in- 
clude sequences for every organism on Earth, 
biocode becomes Biocode, and within a few 
pages, it is “at the heart of the genomic syn- 
thesis that is defining the coming decade— 
and this century of biology.” Whether or not 
you agree with this assessment, the authors 
are right when they point out that we have 
only begun to understand a small slice of 
the grand diversity that is life on Earth and 
that it is fast slipping through our fingers as 
a result of human-induced climate change, 
habitat destruction, and exploitation. 

It’s not just the endangered species that 
concern Field and Davies. They argue that 
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Researchers are working to create a comprehensive 
inventory of all nonmicrobial life on the French 
Polynesian island of Moorea. 


we must also prioritize sequencing of “foun- 
dation” species whose presence or absence 
in an ecosystem can cause a cascade of 
changes and whose loss will have profound 
consequences for the many organisms with 
which they interact. 

But what can DNA really tell us? Recently, 
researchers have had modest success model- 
ing cellular phenotypes from genetic infor- 
mation (2) and building synthetic life (3-5), 
but we are far from being able to model 
complex life forms. We also know, for ex- 
ample, that identical twins can have a radi- 
cally different influence on the world, even 
though they happen to be indistinguishable 
genetically. The authors acknowledge that 
many phenomena happen at higher levels of 
organization, but they maintain that while 
“answers to questions in the life sciences do 
not end with DNA—they start there.” 

In its final chapters, Biocode becomes 
downright inspiring, encouraging lay read- 
ers to collect and contribute samples to 
genomic research projects through citizen 
science initiatives. By the end, we are left 
with the impression that no field of science, 
no matter how holistic or reductionist, is 
exempt from a crucial role in understand- 
ing and planning for our planet’s future. 
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EXHIBITION 


A display of brilliance 
The Weston Library’s inaugural exhibition showcases 
original works from the world’s best and brightest 


By Andrew Robinson 


hen the Protestant zeal of the 

Reformation overtook Oxford 

University in the 1540s, it lost its 

library. In a purge of all traces 

of Roman Catholicism, its books 

were burnt or sold to local trades- 
men for repurposing. Its principal library to- 
day, the Bodleian, was founded in 1602 by Sir 
Thomas Bodley. A graduate of Oxford who 
later served as an ambassador of Queen Eliz- 
abeth I, Bodley returned to Oxford in 1598 
and offered to collect the university a new li- 
brary at his own expense. Shortly thereafter, 
the philosopher Sir Francis Bacon presented 
Bodley with a copy of his newly published 
The Advancement of Learning (1605). Ba- 
con’s accompanying letter praised Bodley 
for having built “an Ark to save learning 
from deluge.” 

By the early 18th century, the Bodleian 
was legally entitled to receive one copy 
of any new book published in the United 
Kingdom. Today, its collections consist of 
more than 11 million printed items, in ad- 
dition to 70,000 e-journals and vast quan- 
tities of materials in other formats. By far 
the largest library in the United Kingdom, 
the Bodleian is also one of the world’s great 
libraries. With the opening of the Weston 
Library in March 2015, the Bodleian col- 
lections are now available to researchers 
through facilities designed for the digital 
age and to the public through both perma- 
nent and changing exhibitions. 

Marks of Genius, the Weston Library’s 
inaugural exhibition, consists mainly of 
world-changing books, maps, and manu- 
scripts from the Bodleian collections, along 
with some paintings and sculptures. Each 
work can also be viewed in an accompany- 
ing catalog (1), stimulatingly contextualized 
by the exhibition’s curator, Stephen He- 
bron, with occasional help from outside ex- 
perts. The overall aim of the exhibition is to 
illuminate the indefinable—but indispens- 
able—concept of genius across the humani- 
ties and sciences. “If the various forms the 
character of genius has taken over the cen- 
turies have anything in common,’ observes 
Hebron, “it is that they celebrate the variety 
and creativity of human beings.” 

The scientific works on display include a 
beautifully illustrated translation of one of 
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the first books to appear in print: Pliny the 
Elder’s Historia Naturale (Natural History), 
published in Venice in 1476. The exhibition 
features first editions of Johannes Kepler’s 
Astronomia Nova (New Astronomy), pub- 
lished in Prague in 1609, which describes 
the elliptical orbits of the planets around the 
sun, and Isaac Newton’s Philosophiae Natu- 
ralis Principia Mathematica (Mathematical 
Principles of Natural Philosophy), published 
in London in 1687, which introduces the 
inverse square law of gravity and the three 
universal laws of motion. Featured manu- 
scripts include Euclid’s Stoicheia (Elements), 
the oldest manuscript of a classical Greek 
author to bear a date (888), and a draft of 
Mary Shelley’s Frankenstein, complete with 
corrections, revisions, and additions by her 
poet husband, Percy. An exquisite map of 
the insulin molecule with the atomic posi- 
tions rendered in black and red, attributed 
to Dorothy Hodgkin and dated 1968, and a 
fine portrait of Galileo presented to the uni- 
versity in 1661 by his last pupil, Vincenzo 
Viviani, are also on display. 

In 1931, Albert Einstein wrote a few lines 


Marks of Genius Masterpieces 
from the Collections of the 
Bodleian Libraries 

Stephen Hebron, curator 

Weston Library, Oxford, UK. 

21 March to 20 September 2015. 
http://genius.bodleian.ox.ac.uk 


in German on a modest, unheaded sheet of 
paper, accepting Oxford’s offer of an honor- 
ary doctorate. The note appears in the ac- 
companying catalog alongside a blackboard 
chalked by Einstein while delivering three 
Oxford lectures about relativity in 1931. The 
blackboard is now a very popular exhibit at 
the nearby Museum of the History of Sci- 
ence. Less well known is a second, blank 
Einstein blackboard, kept in the museum’s 
store. Its chalk “marks of genius” were 
erased by a cleaner: a fate that might have 
amused Einstein, given the dismissive re- 
ception of relativity by many physicists, uni- 
versities, and the Nobel Prize committee. 


10.1126/science.aab1331 
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Correlations are critical in scientific analysis, but 
given enough data, it is possible to find things that 
correlate, even when they shouldn’t. More examples 
of how not to use statistics can be found on the 
author’s website, tylervigen.com. 
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Spurious Correlations 
Tyler Vigen 

Hachette Books, 2015, 
207 pp. 


The number of civil engineering doctorates 
awarded in the United States between 2000 
and 2009 was strongly correlated (95.9%) 
with mozzarella cheese consumption dur- 
ing the same period. Does that mean aspir- 
ing engineers should start stockpiling this 
delicious dairy staple? Of course not—the 
similarity in variance is purely a coincidence, 
identified by a technique known as “data 
dredging,” in which one data set is blindly 
compared to hundreds of others until a cor- 
relation is identified. Presented as a series of 
graphs prepared from real data sets, Spuri- 
ous Correlations serves as a hilarious re- 
minder that correlation most certainly does 
not equal causation. 


10.1126/science.aac5518 
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Time for a data 
revolution in China 


IN MARCH 2015, China’s Premier Keqiang Li 
proposed that government data should be 
open to the public (7). This offers some hope 
for data sharing in China. How to put the 
advocacy of openness into practice, however, 
remains challenging. 

According to the UN Secretary General’s 
Independent Expert Advisory Group 
on a Data Revolution for Sustainable 


to declare even relatively innocuous data 
as state secrets. This is partly because the 
rule set for classified information is not 
clear in the “Open Government Information 
Regulations,” which went into effect in May 
2008 (4). Reasons for low data openness 
include, among others, fear that govern- 
ment data tampering will be uncovered; 
recognition that data gathering methods are 
often faulty; fear of retribution for release 
of data from higher officials; the power 
accrued from access to information; and the 
desire on the part of data holders to gain 
some benefit in return for access. 

To make government data more eas- 
ily and widely available, several things 
need to happen. First, bureaucrats need to 
understand that open data can benefit the 
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Government data sharing in China remains limited. 


Development, the data revolution is com- 
posed of, among other things, two major 
developments: big data and open data (2). 
Government census and survey data can be 
major engines for transparency and innova- 
tion. They cover continuous time periods, 
large areas, and diverse groups. Open gov- 
ernment data benefits scientific research, 
economic development, environmental 
management, social justice, and political 
decision-making. However, government 
data sharing is very limited in China (3). 
Much data, ranging from social statistics 

to the results of environment and resource 
surveys, are kept from the public. The 
potential of these data is largely untapped 
because they are released only in highly 
aggregated forms, meaning that spatial and 
temporal patterns cannot be examined. In 
addition, insufficient information is pro- 
vided on the data gathering methods. 

Poor government data accessibility also 
affects data sharing between individuals, 
industry sectors, and organizations, and 
even between different government sectors 
in China. This results in redundant data 
collection efforts. Chinese officials are quick 
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economy, the environment, public participa- 
tion, and decision-making. Second, there 
needs to be a clearer legal definition for 
what information needs to be classified, 
so that this decision is not left up to the 
discretion of data holders. Third, if data are 
released in compliance with the policy, indi- 
viduals should not be penalized for sharing 
information (5). Finally, China should 
comply with international standards of data 
collection, documentation, maintenance, 
and disclosure. 
Ruishan Chen,” Alex De Sherbinin,” 
Chao Ye* 
School of Public Administration, Hohai University, 
Nanjing, 210098, China. *Center for International 
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Qualifying pollinator 
decline evidence 


THE POLLINATION CRISIS has garnered 
perhaps more public interest than any other 
environmental problem short of climate 
change. It is therefore remarkable that it is 
based on such limited science. D. Goulson et 
al. (“Bee declines driven by combined stress 
from parasites, pesticides, and lack of flow- 
ers,” Review, 27 March, p. 1435; published 
online 26 February) acknowledge that 
evidence for pollinator declines is almost 
entirely confined to honey bees and bumble- 
bees in Europe and North America. Yet they 
conclude that “it is probably reasonable to 
assume that declines are also occurring else- 
where across the globe.” This is a possibility, 
but not one that can be well justified by 
current evidence. Their statement extrapo- 
lates data from north temperate bumblebees 
(a single and rather unrepresentative clade), 
which include less than 0.6% of the 20,000 
worldwide bee species. The data are also 
derived from among the most intensively 
farmed landscapes in the world. Concern 
about future food insecurity due to pollina- 
tor losses rests on this shaky foundation, 
despite, as yet, any sign of declining crop 
production (J, 2). 

Goulson et al. also bemoan minimal 
uptake of pollinator-promoting incen- 
tives on farmland. They attribute this to 
insufficient understanding among farmers 
of the economic benefits of pollinators. I 
expect, however, that farmers are more 
familiar with the economics of farming 
than ecologists. Although pollinators might 
elevate crop production, this has to be set 
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in the context of other farm management 
interventions (3). It is difficult to envisage 
a more pollinator-dependent crop than 
Californian almonds, which Goulson et al. 
suggest are threatened by continuing honey 
bee decline. Yet, the 60-year decline of 
honey bees has been paralleled by increas- 
ing almond production and associated 
profits (4). The most productive years have 
been the past five (2010 to 2014) when 
honey bee colonies have been at their low- 
est since records began in 1947 (5). 

We should make every effort to harness 
the public interest in pollinators to empha- 
size the value of, and need for, conservation. 
In doing so, we should not, however, blind 
ourselves to the limitations of our own data. 

Jaboury Ghazoul 
Department of Environmental Systems Science, ETH 
Zurich, Zurich, Switzerland. E-mail: jaboury.ghazoul@ 
env.ethz.ch 
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Response 

GHAZOUL IS ACCURATE in pointing out that 
we have no population data on the majority 
of pollinators, that the data we do have 

are biased toward a small number of taxa 
(bumblebees, honey bees, and butterflies), 
and that data are far better for Europe and 
North America than for elsewhere. These 
points are made very clearly in our original 
manuscript. Of course, one could make this 
same statement about insects in general, or 
indeed about all biodiversity, yet few doubt 
that there really is a biodiversity crisis. If we 
were to wait until we had good population 
data for all pollinators [note that there are 
an estimated 1600 pollinators in the United 
Kingdom alone (1)] before taking action to 
conserve them, then we would be waiting a 
long time indeed. 

Of course, data do exist for other regions. 
For example, bumblebee declines are occur- 
ring in Asia and South America (2, 3), as 
described in our manuscript. Data also exist 
for other species. The recent IUCN red data 
list for European bees (4) examines all 1965 
European bee species, and concludes that 
about 287 of these are “threatened” or “near 
threatened,’ while noting that insufficient 
data were available to make any judgment 
for 1101 species. They also note that 37% of 
the 407 species for which there is informa- 
tion on population change are in decline. 

Ghazoul argues that the data for declines 
in pollinators are largely based on social 
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bees, which may be unrepresentative of 

the majority of bees. This is true, but we 
should bear in mind that in the temper- 

ate Northern Hemisphere (which makes 

up a large proportion of the global land- 
mass), bumble-bees and honey bees are the 
predominant pollinators for a great many 
crops and wildflowers, being generally far 
more numerous than other bee species [e.g., 
(5, 6)]. Of course, this is not to deny the 
important role played by many other insects 
in pollination. 

Finally, Ghazoul criticizes our mention 
of the California almond industry, in which 
we say “should honey bee stocks in North 
America fall much further, the viability of 
almond production in California would be 
threatened.” He argues that there is no rea- 
son to suppose that the pattern of increased 
yield (gained by planting larger areas), 
despite falling honey bee numbers, will not 
continue. By inference, he is suggesting 
that this broadly applies to the future for 
insect-pollinated crops. This would be a 
remarkably optimistic interpretation of the 
situation. 

What we probably can agree on is that 
there is an urgent need for long-term moni- 
toring of pollinators at an international 
scale so that we have hard data on the pat- 
tern and extent of declines, a challenge that 
the global community of researchers has so 
far failed to tackle. 

Dave Goulson,* Elizabeth Nicholls, Ellen 

Rotheray, Cristina Botias 
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TECHNICAL COMMENT 
ABSTRACTS 


Comment on “Evidence for mesothermy 
in dinosaurs” 
M. D. D’Emic 

Grady et al. (Reports, 13 June 2014, p. 
1268) suggested that nonavian dinosaur 
metabolism was neither endothermic nor 
ectothermic but an intermediate physiology 
termed “mesothermic.” However, rates were 
improperly scaled and phylogenetic, physi- 
ological, and temporal categories of animals 
were conflated during analyses. Accounting 
for these issues suggests that nonavian 
dinosaurs were on average as endothermic 
as extant placental mammals. 
Full text at http://dx.doi.org/10.1126/ 
science.1260061 


Comment on “Evidence for mesothermy 
in dinosaurs” 
Nathan P. Myhrvold 

Grady et al. (Reports, 13 June 2014, p. 
1268) studied dinosaur metabolism by 
comparison of maximum somatic growth 
rate allometry with groups of known 
metabolism. They concluded that dino- 
saurs exhibited mesothermy, a metabolic 
rate intermediate between endothermy 
and ectothermy. Multiple statistical and 
methodological issues call into question the 
evidence for dinosaur mesothermy. 
Full text at http://dx.doi.org/10.1126/ 
science.1260410 


Response to Comments on “Evidence 
for mesothermy in dinosaurs” 
John M. Grady, Brian J. Enquist, Eva Dettweiler- 
Robinson, Natalie A. Wright, Felisa A. Smith 
D’Emic and Myhrvold raise a number of 
statistical and methodological issues with 
our recent analysis of dinosaur growth and 
energetics. However, their critiques and 
suggested improvements lack biological and 
statistical justification. 
Full text at http://dx.doi.org/10.1126/ 
science.1260299 
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Surge in gastrointestinal disease 
spurs U.S.-China collaboration 


Researchers from countries with complex political relations are 
collaborating to fight pressing health threats 


By Kathy Wren 


n the 1950s, physicians in the United 

States and Europe began reporting a rise 

in cases of inflammatory bowel disease 

(IBD), which increased roughly three- 

fold by the 1990s. A similar trend began 

in Japan in the 1970s. Now, reports of 
the once-rare condition are doubling rap- 
idly in China. 

For decades, researchers understood 
little about IBD, which includes Crohn’s 
disease and ulcerative colitis. But the new 
swell in Chinese cases offers researchers 
“an opportunity that is unparalleled” to un- 
derstand what causes the disease and how 
it might ultimately be treated or prevented, 
said John Allen, clinical chief of digestive 
diseases at Yale University and president of 
the American Gastroenterological Associa- 
tion (AGA). 

“We have built our entire theory of both 
etiology and treatment around assump- 
tions that are now in question,” Allen said, 
such as that IBD is a disease found only in 
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Western, industrialized nations, primarily 
affecting Caucasians from Europe. A new 
collaboration between the AGA and the 
Chinese Society for Gastroenterology aims 
to correct that course. 

Allen described the agreement at the 
29 April conference, “Science Diplomacy 
2015: Scientific Drivers for Diplomacy,’ in 
a session about how medical challenges can 
lead to international science cooperation. 
The day-long conference was organized by 
the AAAS Center for Science Diplomacy 
and drew more than 200 people, including 
representatives from the U.S. State Depart- 
ment and other federal agencies, as well as 
UNESCO, The World Academy of Sciences 
in Trieste, Italy, and the Academy of Sci- 
ences of Cuba. Sessions at the conference 
covered the roles of institutions and net- 
works in science diplomacy, cooperation 
during political strain, working with shared 
resources, and other topics. 

International research collaborations 
such as the one described by Allen, while 
important in their own right, also advance 
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the goals of diplomacy, said Rush Holt, 
AAAS CEO and executive publisher of the 
Science family of journals. “The principles 
of science—transparency, open communi- 
cation, and evidence-based thinking—go 
a long way to diffusing difficult situations, 
breaking through barriers, and developing 
relationships that can yield benefits that go 
beyond the scientific research that might be 
discussed,” Holt said in a plenary address. 

A general picture of IBD has emerged in 
recent years, in which genetic predisposi- 
tion, inflammatory processes, and environ- 
mental factors such as diet and hygiene 
affect the makeup of the gut’s microbes and 
contribute to the condition. The memoran- 
dum of cooperation signed last September 
by the U.S. and Chinese gastroenterology as- 
sociations lays the groundwork for an effort 
to sequence the gut microbiota of both rural 
and urban Chinese individuals. By compar- 
ing these genetic sequences, the researchers 
hope to uncover clues to how IBD develops 
and why it is more likely to arise in urban 
areas where lifestyles are more like those in 
the United States and Europe. 

The time is ripe for this research because 
the sequencing and analysis tools are now 
available and because professional medical 
societies are on the rise in China. After the 
introduction of a market-based society in 
the 1980s, Chinese hospitals generally oper- 
ated independently of each other, with very 
little focus on clinical research, according 
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to Allen. But the newly established Chinese 
Society for Gastroenterology has about 
20,000 members and provides a much- 
needed organizational system for planning 
the research effort. Now, “when we throw 
the rope over there, someone is actually 
catching it,’ said Allen. 

Other countries with limited cooperation 
in the policy sphere are joining forces to 
solve another major public health problem: 
multidrug-resistant tuberculosis (MDR-TB). 
Tuberculosis kills 2 million people every 
year, and strains resistant to multiple drugs 
are now spreading rapidly, particularly in 
Russia, India, China, and South Africa. 

In the 1990s, treating MDR-TB was con- 
sidered a low priority by the World Health 
Organization. That changed somewhat after 
Paul Farmer and Jim Yong Kim, who went 
on to found Partners In Health, showed that 
MDR-TB could be treated successfully. Today, 
however, less than 1% of newly diagnosed 
cases of MDR-TB are treated each year, said 
panelist Gail Cassell, citing figures from a 
series of meetings hosted by the Institute of 
Medicine. Cassell is executive vice president 
of TB drug development at the Infectious 
Disease Research Institute and a senior lec- 
turer at Harvard Medical School. 

Understanding the genetic changes that 
lead to TB resistance is ground zero for fight- 
ing this disease, said Cassell: “Until you have 
the full spectrum of antimicrobial resistance, 
you cannot prescribe the right drug for the 
right patient at the right time.” 

Cassell, along with Valery Danilenko, 
head of the department of Post-Genomic 
Biotechnology at the Russian Academy of 
Sciences’ Vavilov Institute of General Ge- 
netics in Moscow, and Dmitry Maslov, a 
research associate in that department, de- 
scribed an international effort launched in 
2011 to sequence MDR-TB strains and sup- 
port the development of new diagnostic 
tests, vaccines, and drugs. 

The consortium includes researchers from 
many countries, including South Africa, Iran, 
Sweden, and others, who are using facilities 
in the United States, China, and Russia to se- 
quence and analyze strains of drug-resistant 
Mycobacterium tuberculosis. & 


Screeners needed for journalism awards 
Scientists from the U.S. and abroad who will 
be in the Washington, DC, area between late 
August and late September are needed to 
review the scientific accuracy of entries in 
the prestigious AAAS Kavli Science Journal- 
ism Awards competition. If you can volun- 
teer, please contact Earl Lane (elane@aaas. 
org) for screening dates and categories. 
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Forum on S&T policy spotlights 
basic research, public trust 


By Kathy Wren and Ear! Lane 


he importance of basic research for 

the nation’s scientific and economic 

future was a recurring theme as more 

than 400 elected officials, government 

and business leaders, researchers, ed- 

ucators, and others gathered for the 
40th annual AAAS Forum on Science and 
Technology Policy. 

Participants at the conference, held on 30 
April and 1 May in Washington, DC, explored 
strategies for nurturing research and innova- 
tion, at the federal level and beyond, during 
times of continuing fiscal austerity. 

Several science-funding bills were in play 
on Capitol Hill as the conference convened, 
but legislators had not proposed a replace- 
ment for the expired congressional deal that 
had offset some of the worst effects of the 
across-the-board budget cuts known as se- 
questration. In sessions throughout the con- 
ference, participants delved into the factors 
driving the tight budget environment. 

Many speakers echoed a call to better 
support basic research, including Rep. Jim 
Cooper (D-TN), Flavia Schlegel, assistant 
director-general for natural sciences at 
UNESCO, and France Cordova, director of 
the National Science Foundation. “Our na- 
tion’s future, including our preparedness 
for that future, depends on innovation,’ 
Cordova said. “Innovation in turn depends, 
in large part, on discovery, and discovery 
is fueled by basic research. This pursuit is 
not discretionary.” 
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“A lot of folks think of basic research as 
a sort of frivolous approach where weve in- 
dulging the whims of scientists who just want 
to follow their curiosity,’ said John Holdren, 
White House science and technology adviser, 
when AAAS CEO and Science Executive Pub- 
lisher Rush Holt asked Holdren what he most 
wished the general public understood about 
science. Without investing in basic research 
and “the effort simply to understand more 
fully the universe, our world, ourselves, we 
are undermining our future,’ Holdren said. 

Researchers whose work is targeted as an 
example of wasteful government spending 
need to do a better job explaining the value 
of their work, panelists agreed in a session on 
defending grants against unjustified attacks. 
The importance of engaging with the public, 
through storytelling, data-sharing projects 
that seek public feedback, and other strate- 
gies, also took center stage in a session on 
public opinion and policy. 

William Press, a computer scientist and 
computational biologist at the University of 
Texas at Austin (and a former AAAS presi- 
dent), urged scientists to separate facts and 
value judgments, in order to gain the trust 
of a public that is skeptical about science. 
Speaking in the William D. Carey lecture, 
Press outlined two quite different story lines 
for science—one tied to research, discovery, 
and innovation and what “can” be done, the 
other related to educating the public and ad- 
vocating for what “should” be done. “Both are 
valuable,” he said, but scientists should take 
care to distinguish between them. 
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PHOTOSYNTHESIS 


Photosystem | enters 
into the spotlight 


Plants rely on large complexes 
of proteins, chlorophyll, and 
other cofactors to turn light 

into chemical energy. Qin et al. 
present the crystal structures 
of photosystem | (PSI) and the 
light-harvesting complex | (LHCI) 
supercomplex from pea plants 
(see the Perspective by Croce). 
The well-resolved structure of 
the outer antenna complexes 
and their interaction with the PSI 
core provide a structural basis 
for calculating excitation energy 
transfer efficiency. Moreover, 
the organization and orientation 
of chlorophyll and carotenoid 
cofactors within and between 
PSI and LHCI hint at energy 
transfer and photoprotection 
mechanisms. — NW 


Science, this issue p. 989; 
see also p.970 
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INORGANIC CHEMISTRY 
An aromatic phosphorus 
and nitrogen ring 


In chemistry, the term “aromatic” 
denotes the energy stabilization 
associated with electrons being 
shared among atoms in a ring. 
Benzene is the best-known 
aromatic compound, although 
numerous related hydrocarbons 
also manifest the property. Velian 
and Cummins now report a rare 
instance of an inorganic aromatic 
compound: a negatively charged 
pentagonal ring composed 
of three nitrogen and two 
phosphorus atoms. — JSY 
Science, this issue p. 1001 


EMBRYO DEVELOPMENT 
How to generate head-to- 
tail polarity in a midge 
Animal genomes do not remain 
static but gain and lose essential 


Greenland icebergs fueled 
tropical methane production 


Chluba et al., p. 968 


genes over time. One such case 
is the bicoid gene of flies. Bicoid 
plays an important role in early 
Drosophila development during 
the generation of head-to-tail 
polarity, but most flies lack 
bicoid. Which genes then serve 
the same function in other 


IMMUNE TOLERANCE 


Innate lymphoid cells 
keep gut T cells in check 


rillions of bacteria inhabit our guts. So do many 

types of immune cells, including T cells, which 

might be expected to attack these bacteria. 

How, then, do our bodies manage to keep the 

peace? Working in mice, Hepworth et al. report 
one such mechanism. A population of immune cells, 
called innate lymphoid cells, directly killed CD4* T 
cells that react to commensal gut microbes. Some of 
the specifics of this process parallel how the immune 
system keeps developing self-reactive T cells in check 
in the thymus. Furthermore, this peacekeeping pro- 
cess may be disrupted in children with inflammatory 
bowel disease. — KLM 


Science, this issue p. 1031 


Keeping the peace in the gut 


insects? Now, Klomp et al. report 
a structurally unrelated gene 
that serves essentially the same 
function as bicoid in a mosquito- 
related midge but does so 
through a different genetic 
mechanism. — BAP 

Science, this issue p. 1040 


The mosquito-related midge Chironomus riparius 
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TYPE 1 DIABETES 
Agene therapy 


approach for diabetes 


Gene therapy is being used with 
increasing success to treat a 
growing group of diseases. What 
about diabetes? Akbarpour et 
al. used a lentiviral vector to 
express insulin in liver cells of a 
mouse model of type 1 diabetes. 
The therapy induced regulatory 
T cells specific for insulin and 
halted immune cell infiltration 
into the pancreatic islets. 
Moreover, when gene therapy 
was combined with a single dose 
of monoclonal antibody to CD3, 
it stopped disease progression in 
diabetic mice. Thus, expressing 
an autoantigen in liver cells 
can induce antigen-specific 
tolerance in autoimmune 
disease. — ACC 

Sci. Transl. Med. 7,289ra81 (2015). 


SHAPE MEMORY ALLOYS 
Memory alloys that 
avoid exhaustion 


Shape memory alloys can pop 
back into shape after being 
deformed. However, often these 
alloys cannot cope with a large 
number of deformation cycles. 
Chluba et al. find an alloy that 
avoids this pitfall, deforming 
10 million times with very little 
fatigue (see the Perspective 
by James). Such low-fatigue 
materials could be useful in a 
plethora of future applications 
ranging from refrigerators to 
artificial heart valves. — BG 


Science, this issue p. 1004; 
see also p. 968 


COGNITIVE NEUROSCIENCE 
Sleep on it: Consolidating 
implicit learning 

A good night's sleep is one of 
the best ways to fix recently 
learned information into 
long-lasting memory. Recent 
evidence suggests that recent 
memories are reactivated 
during sleep and woven into 
existing representations of 
stored information. Hu et al. now 
demonstrate that triggering 
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memory consolidation during 
sleep can help set into place 
recently learned anti-bias 
training (see the Perspective 
by Feld and Born). Changes in 
people's stereotypical attitudes 
toward race and gender were 
maintained for up to 1 week after 
training. — GJC 

Science, this issue p. 1013; 

see also p. 971 


CANCER 
A mutant promoter’s 
partner in crime 


Telomerase is an enzyme 
that maintains the ends of 
chromosomes. TERT, the 
gene coding for the enzyme's 
catalytic subunit, is not 
expressed in healthy somatic 
cells, but its expression is 
reactivated in the majority of 
human cancers. The resultant 
high levels of telomerase help 
cancer cells survive and multiply. 
Recurrent mutations in the 
promoter region of TERT are 
associated with high telomerase 
levels in multiple cancer types. 
Bell et al. show that a specific 
transcription factor called 
GABP is selectively recruited 
to the mutant form of the TERT 
promoter, which activates TERT 
gene expression — PAK 

Science, this issue p. 1036 


BIOSYNTHESIS 
Harnessing the power of 
heterologous biosynthesis 


Environmentally derived bioac- 
tive compounds obtained from 
filamentous fungi, plants, and 
bacteria have provided drugs 
for treating a whole variety of 
human diseases. However, it 
is often difficult to produce 
these compounds industrially 
or in the laboratory. Zhang et 
al. introduced different biosyn- 
thetic pathways into a surrogate 
Escherichia coli host to generate 
diverse chiral pairs of compounds. 
Several of the generated analogs 
were active against an erythro- 
mycin-resistant Bacillus subtilis 
strain. — ASH 
Sci. Adv. 10.1126. 
sciadv.1500077 (2015). 
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NEURODEVELOPMENT 


Edited by Sacha Vignieri 
and Jesse Smith 


Neurons and blood 
vessels.in-the retina 


Coordinating neurons with blood vessels 


he retina develops as interleaved layers of neurons and 
blood vessels. Usui et al. show that in mice, the develop- 
ment of blood vessel layers depends on signals from 
amacrine cells, a type of interneuron in the retina. Too 
much or too little signal resulted in too many or too few 
blood vessels, particularly affecting the intermediate vascular 
plexus (a network of blood vessels) embedded within the ret- 
ina. This cellular crosstalk coordinates neuronal demand for 
oxygen with the blood’s ability to supply it. With the intermedi- 
ate vascular plexus poorly formed, photoreceptors (a type of 
neuron) degenerate, leading to deficits in vision. — PJH 


PHYSICS 
Cooling a semiconductor 
with polaritons 


Shining light onto a solid to cool 
it may seem counterintuitive, 
because the light will temporar- 
ily increase the solid’s energy. To 
go back to its low-energy state, 
the solid may then emit photons 
more energetic than the ones 

it absorbed initially, effectively 
lowering its temperature. 

Such cooling methods are well 
established, but place stringent 
requirements on the material 


Published by AAAS 


J. Clin. Invest. 10.1172/JC180297 (2015). 


being cooled. Klembt et al. show 
that exciton-polaritons, exotic 
part-photon, part-exciton quasi- 
particles, can be used to cool a 
semiconductor microcavity. The 
cooling mechanism depends 
on the ability of the polaritons 
to absorb the energy of lattice 
vibrations and shortly thereafter 
to leave the solid as light. At low 
enough laser power, this process 
overpowers a competing heating 
process in which two photons 
are absorbed simultaneously. 
=J$ 

Phys. Rev. Lett. 114, 186403 (2015). 
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MICROBIOLOGY 
Anew role for 
nitrogen fixers 


North American coniferous 
forests harbor large amounts 

of the bacteria called brady- 
rhizobia. This genus made its 
name as obligatory symbionts 
of legumes, able to snatch 
atmospheric nitrogen via the 

nif gene product and supply it 

as nitrate to the plant and to 
fertilize soils. In return, the bac- 
terium’s nod genes allow it to live 
within the safety of the plants’ 
roots. But legumes are rare in 
coniferous forests. Nevertheless, 
VanInsberghe et al. discovered 
that diverse bradyrhizobia, all 
lacking nif and nod genes, occur 
abundantly in these forests’ 
soils. They are not symbionts, 
but they have other metabolic 
talents, depending on their 
environment. The symbionts 

are instead the minority in the 
genus. — CA 

ISME J. 10.1038/ismej.2015.54 (2015). 


DRUG TRIAL ECONOMICS 
Surrogates stimulate 
cancer investments 


Allowing the use of surrogate 
(nonmortality) endpoints in 
clinical trials could lead drug 
companies to invest more in 
treatments for early-stage can- 
cers and prevention. Long lags 
occur from when a drug patent 
is filed until it can be com- 
mercialized, a result of lengthy 
clinical trials that often have to 
demonstrate impacts on sur- 
vival. Long lags leave less time 
for companies to recoup invest- 
ments before patent expiration, 
skewing investment toward late- 
stage cancers for which shorter 
survival times lead to faster tri- 
als. Budish et al. compiled drug 
and trial data back to 1973 and 
show that the use of surrogate 
endpoints increased private 
drug research investments for 
cancers that otherwise would 
have long commercialization 
lags and diminished investment. 
— BW 
Am. Econ. Rev. 10.1257/aer:20131176 
(2015); final accepted version at 
http://economics.mit.edu/files/10363. 
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GENOME EDITING 
Toward better control 


of genome editing 

Thanks to the CRISPR-Cas 
system, scientists can now 
modify nearly any location in 
the genome. A stumbling block 
to therapeutic use, however, is 
that Cas9 (an endonuclease) 
cleaves DNA at areas of interest 
but often also at off-target sites. 
Scientists hope to overcome this 
by engineering versions of Cas9 
with higher specificity for the 
target DNA. Zetsche et al. and 
Davis et al. explored regulating 
the activity of Cas9 through two 
different approaches, both of 
which relied on pharmacologi- 
cal activation of the enzyme. By 
restricting the amount of active 
Cas9, both strategies achieved 
increases in specificity. These 
and other specificity-enhancing 
approaches may give scientists 


GLOBAL PRECIPITATION 


the ability to better control 
genome modification. — VV 


Nat. Biotechnol. 33, 139 (2015); 
Nat. Chem. Biol. 11, 316 (2015). 


MICROBIOLOGY 
Cooperation causes 
van Gogh to appear 


Cell-cell interactions underlie 
many fundamental aspects of 
biology, even when those cells are 
normally considered autono- 
mous, such as bacteria. Van 
Gestel et al. studied how Bacillus 
subtilis cooperate to allow a 
colony to move en bloc across a 
surface. The cells bundled them- 
selves into so-called van Gogh 
bundles consisting of regimented 
rows of cells that generate loop- 
ing strands at the outer edge 

of the colony. These loops then 
push themselves away, allowing 
the bacteria to move to pastures 


Where the hard rain is and will be falling 


xtreme precipitation events are rare, but they are very important in the global hydrological 

cycle. Accordingly, it is important to be able to characterize their distribution, frequencies, 

and magnitudes. Liu and Zipser report observations recovered over a full year by instruments 

on the Global Precipitation Mission Core Observatory satellite, which provide diurnal three- 

dimensional coverage of the entire subpolar world and categorize precipitation events by 
their area, depth, and convective intensity. These types of events are important to include in global 
climate models, in order for them to accurately describe the global water cycle. — HJS 


3D map of rainfall in 
Typhoon Phanfone 


two cell types (in red and green) to 
move across a solid surface 


new. Two distinct types of cell are 
needed to form the bundles, one 
to form a sort of intercellular glue 
and the other to form a slippery 
track. — SMH 
PLOS Biol. 10.1371/journal. 
pbio.1002141 (2015). 


Geophys. Res. Lett. 10.1002/2015GL063776 (2015). 
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POROUS MATERIALS 


It’s all about the holes 


From kitchen sieves and strainers 
to coffee filters, porous materials 
have a wide range of uses. On an 
industrial scale, they are used as 
sorbents, filters, membranes, and 
catalysts. Slater and Cooper review 
how each application will limit the 
materials that can be used, and 
also the size and connectivity of 
the pores required. They go on to 
compare and contrast a growing 
range of porous materials that are 
finding increasing use in academic 
and industrial applications. — MSL 
Science, this issue p. 988 


T CELL METABOLISM 
LEM gets T cells the energy 
they need 


During an infection, T cells prolifer- 
ate extensively to build a sufficient 
army to defeat the invading patho- 
gen. Carefully regulated changes 
in metabolism let T cells do this, 
but the specific nature of these 
changes is not fully understood. 
Using forward genetics in mice to 
screen for genes that regulate T 
cell immunity, Okoye et al. identi- 
fied a mutation in the gene that 
encodes a protein they named 
lymphocyte expansion molecule 
(LEM) (see the Perspective by 
O'Sullivan and Pearce). LEM 
enhanced T cell immunity, includ- 
ing both proliferation and memory 
cell generation, in response 

to chronic viral infection. LEM 
facilitated these changes through 
effects on mitochondrial respira- 
tion. — KLM 


Science, this issue p. 995; 
see also p.976 


MEMORY 
Experimental recovery 
from retrograde amnesia 


When memory researchers induce 
amnesia, they normally assume 
that the manipulations prevent 
the memory engram from effec- 
tive encoding at consolidation. In 
accordance with this, Ryan et al. 
found that after the injection of 


987-B 


protein synthesis inhibitors, ani- 
mals could not retrieve a memory. 
However, to their surprise, the 
memory could nevertheless 
be reactivated by light-induced 
activation of the neurons tagged 
during conditioning. Increased 
synaptic strength that is the result 
of cellular consolidation is thus 
not a critical requisite for storing a 
memory. — PRS 

Science, this issue p. 1007 


PALEOCLIMATE 
The tropical impact of 
iceberg armadas 


The massive discharges of icebergs 
from the Greenland ice sheet 
during the Last Glacial Period 
are called Heinrich events. But 
did Heinrich events cause abrupt 
climate change, or were they a 
product of it? Methane levels rep- 
resent a proxy for climate, because 
methane production increases 
mostly due to wetter conditions 
in the tropics. Rhodes et al. 
report a highly resolved record of 
atmospheric methane concentra- 
tions, derived from an ice core 
from Antarctica. Methane levels 
varied—i.e., the tropical climate 
changed—in response to cooling in 
the Northern Hemisphere caused 
by Heinrich events. — HJS 

Science, this issue p. 1016 


MICROBIAL DIVERSITY 
Quasi-sexual microbe 


populations 

Astonishing levels of fine-scale 
microbial diversity have been 
uncovered by DNA sequencing 

of natural populations. How this 
iversity is shaped and maintained 
and what its environmental or clini- 
cal implications might be is unclear. 
Using custom-made advanced 
statistical methods, Rosen et al. 
analyzed the evolutionary structure 
of a photosynthetic bacterium 

that grows in the hot springs 

of Yellowstone Park (see the 
Perspective by Desai and Walczak). 
The populations behaved neither 
as clones nor “ecotypes” but 

more like sexual organisms. These 


Q 


29 MAY 2015 * VOL 348 ISSUE 6238 


cyanobacteria have high recombi- 
nation rates that maintain diversity 
and prevent selective sweeps that 
would otherwise reduce diversity. 
—CA 


Science, this issue p. 1019; 
see also p.977 


STRESS RESPONSES 
Identification of a memory 
drug target 


ISRIB is a potent inhibitor of the 
integrated stress response (ISR), 
which involves the activation of 
elF2a-specific kinases, phospho- 
rylation of elF2a, and consequent 
down-regulation of global transla- 
tion levels. ISRIB is also a candidate 
drug for treating certain memory 
disorders. ISRIB does not prevent 
elF2a phosphorylation and must 
therefore act downstream of this 
step. Sekine et al. now report that 
ISRIB reverses the inhibitory effect 
of elF2a phosphorylation on the 
activity of elF2B, a dedicated gua- 
ine nucleotide exchange factor, 
nhancing its activity indepen- 
ently of phosphorylation (see the 
erspective by Hinnebusch). The 
authors isolated ISRIB-resistant 
cells and identified a genetic lesion 
in a short N-terminal region of 
elF2Bé that appears to be respon- 
sible for the observed phenotype. 
— SMH 


D7 ao 3 


Science, this issue p. 1027; 
see also p. 967 


CELL ADHESION 
Stretching cell sheets 
promotes proliferation 


Mechanical strain regulates the 
development, organization, and 
function of multicellular tissues. 
But how? Cadherins mechanically 
couple neighboring epithelial cells 
through extracellular interactions 
and sequester the transcription 
factors B-catenin and Yap1. To 

find out more, Benham-Pyle et al. 
stretched epithelial cell sheets. 
This mechanical strain induced 
rapid cell cycle reentry, DNA 
synthesis by sequential nuclear 
accumulation, and transcriptional 
activation of Yapl and B-catenin. 


Published by AAAS 


Thus, cell-cell junctions are 
mechanically responsive structural 
scaffolds providing signaling cen- 
ters that coordinate transcriptional 
responses to externally applied 
force. — SMH 

Science, this issue p. 1024 


INFECTIOUS DISEASES 
The battle against 
kinetoplastid diseases 


Diseases caused by protist 
parasites called kinetoplastids are 
endemic in many lower-income 
countries, infecting millions of 
people worldwide. The most 
widespread of these diseases is 
eishmaniasis, with 350 million 
people in 98 countries at risk of 
infection; another is Chagas dis- 
ease, which infects an estimated 6 
to 7 million people. Transmitted by 
insects, these diseases are often 
highly disfiguring and can be fatal. 
Many existing drug treatments, 
however, have serious side effects 
and are difficult to administer. In 

a Perspective, Bilbe outlines the 
challenges faced in developing 
drugs against these neglected 
diseases and highlights advances 
toward more effective, orally 
administered drug treatments. 

— JFU 


Science, this issue p. 974 


CELL MIGRATION 
Moving to that electric feel 


Cell movement can be guided by 
chemical gradients (chemotaxis) 
or by electrical fields (electro- 
taxis), both of which contribute to 
wound healing. The mechanisms 
that control electrotaxis are not 
as well characterized as those 
controlling chemotaxis. The slime 
mold Dictyostelium discoideum 
has been widely used in chemo- 
taxis studies. Gao et al. developed 
a high-throughput screening 
method to analyze electrotaxis in 
genetically modified Dictyostelium 
strains. Components of the TORC2 
pathway, a pathway involved in 
chemotaxis, were also required for 
electrotaxis. — WW 

Sci. Signal. 8, ra50 (2015). 
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REVIEW SUMMARY 


POROUS MATERIALS 


Function-led design of new 


porous materials 


Anna G. Slater and Andrew I. Cooper* 


BACKGROUND: Porous materials are im- 
portant in established processes such as 
catalysis and molecular separations and in 
emerging technologies for energy and health. 
Porous zeolites have made the largest con- 
tribution to society so far, and that field is 
still developing rapidly. Other porous solids 
have also entered the scene in the past two 
decades, such as metal-organic frameworks 
(MOFs), covalent organic frameworks (COFs), 
and porous organic polymers. No single class 
of porous material is ideal for all purposes. 
For example, crystallinity and long-range or- 
der might enhance selectivity for a molecular 
separation while also reducing mechanical 


stability or processability with respect to less 
ordered structures. To have an impact on real 
applications, porous materials must be scal- 
able and must satisfy multiple functional 
criteria such as long-term stability, selectiv- 
ity, adsorption kinetics, and processability, 
all within a viable cost envelope. This presents 
a broad design challenge, and it requires us 
to be able to control structure and to under- 
stand multiple structure-property relationships 
at a detailed level. 


ADVANCES: In addition to MOFs, COFs, and 
porous polymer networks, other classes of 
molecular porous solids have emerged in the 


Zeolite Membrane 
seats Selective Conjugated 
Soluble Supercapacitor 
Scalable 

Polymer 
MOF 

Photocatalyst 

Amorphous 7 


Processable 


Crystalline 


Modular 


COF 


Adsorbent 
Cage 


Porous materials can be defined by type or by function, but it is function that will determine 
the scope for practical applications. Our ability to design functions in porous solids has advanced 
markedly in the past two decades as a result of developments in modular synthesis, materials 
characterization, and (more recently) computational structure-property predictions. This figure is 
based on the pore channels, shown in yellow, for an organic cage molecule, a new type of solution- 
processable porous solid developed over the past 6 years. 
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past 10 years, such as polymers of intrinsic 
microporosity and porous organic cages. The 
range of possible functions for porous solids 
is thus much broader than before. For exam- 
ple, conjugated microporous polymers and 
some COFs have extended, conjugated struc- 
tures that are not present in zeolites or MOFs 

and have led to porous 
organic photocatalysts 
Read the full article and electronic materials. 
at http://dx.doi. The crystal engineering 
org/10.1126/ approaches developed for 
science.aaa8075 zeolites, MOFs, and COFs 
cai iap te acca arectcatan cannot be applied directly 
to amorphous solids such as porous poly- 
mers, but analogous modular strategies have 
allowed functions such as porosity and elec- 
tronic band gap to be controlled by choosing 
the appropriate molecular building blocks. 
Rapid advances in the computational predic- 
tion of structure and function offer a strategy 
for identifying the best porous materials for 
specific applications, for example, via large- 
scale screening of gas adsorption in hypo- 
thetical MOFs. 


OUTLOOK: Advances in synthesis have prod- 
uced new classes of functional porous solids 
as well as fundamental breakthroughs in 
areas such as selective carbon dioxide cap- 
ture, molecular separations, and catalysis. As 
yet, these rapid developments in basic un- 
derstanding are unmatched by large-scale 
commercial implementation, but enhanced 
functions (such as enzyme-like CO, selec- 
tivity) and new processing options (such as 
soluble porous solids) present exciting op- 
portunities. A general challenge will be to re- 
engineer porous materials where scale-up is 
prohibited by cost, retaining the advanced 
function but using cheaper and more sustain- 
able building blocks. It is therefore important 
to develop structure-property relationships to 
understand how promising materials work. 
Not all future opportunities for porous solids 
involve improving on existing materials or 
the development of more scalable preparation 
routes. For example, porous photocatalysts 
that can perform direct solar water splitting 
might provide a completely new platform for 
energy production. As we seek increasingly 
complex functions for porous materials, the 
use of in silico computational design to guide 
experiment will become more important. & 
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POROUS MATERIALS 


Function-led design of new 


porous materials 


Anna G. Slater and Andrew I. Cooper* 


Porous solids are important as membranes, adsorbents, catalysts, and in other chemical 
applications. But for these materials to find greater use at an industrial scale, it is 
necessary to optimize multiple functions in addition to pore structure and surface area, 
such as stability, sorption kinetics, processability, mechanical properties, and thermal 
properties. Several different classes of porous solids exist, and there is no one-size-fits-all 
solution; it can therefore be challenging to choose the right type of porous material for a 
given job. Computational prediction of structure and properties has growing potential to 
complement experiment to identify the best porous materials for specific applications. 


orous materials such as zeolites (7), metal- 
organic frameworks (MOFs) (2-4), covalent 
organic frameworks (COFs) (5), and porous 
polymers (6) have widespread uses in ad- 
sorption, catalysis, separation, purification, 
and energy storage and production. Moreover, 
the use of porous solids is set to grow in the 
future—for example, in membranes for water 
purification. Improving upon commercially es- 
tablished materials, such as zeolites or activated 
carbons, is a big challenge because they have 
been optimized over many years to fulfill multi- 
ple, combined functions; they not only act as 
catalysts or adsorbents but can also be processed 
into a usable form, such as pellets. Efficient man- 
ufacturing infrastructure with inexpensive raw 
materials also makes purely inorganic systems 
such as zeolites economically attractive. How- 
ever, not all functions are satisfied by commercial 
materials. For example, there are as yet no com- 
mercial adsorbents that look poised to compete 
with aqueous amine technologies for carbon diox- 
ide capture, despite the numerous disadvan- 
tages of liquid amines (7). Also, porous materials 
are not solely of interest in adsorption and ca- 
talysis: They also have potential as electronic 
materials, in light harvesting and energy trans- 
duction, as proton conductors, and in applications 
such as molecular sensing. There are hence many 
motivations to explore new porous materials. 

In the past 20 years, the philosophy of molec- 
ular design has become increasingly prevalent in 
porous solids, driven by the framework design 
principles outlined for MOFs (2-4, 8), which in 
turn build on the rules developed for zeolites (Z). 
Design-led approaches have been enabled by ad- 
vances in synthetic control and by new compu- 
tational techniques, as well as by developments 
in physical measurement. For example, structure- 
property relationships for multivariate MOFs 
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(9)—that is, structural families of MOFs with 
more than one organic linker—were explored 
using both solid-state nuclear magnetic reso- 
nance measurements and molecular simulations 
to rationalize properties (J0). The properties of 
multivariate MOFs arise, or “emerge,” from the 
combination of the constituent molecular build- 
ing units; in other porous solids, such as organic 
cages (7), the solid-state function can be intrin- 
sic to the molecular building unit itself. The de- 
gree to which function is emergent or intrinsic is 
a central design question for porous solids, and 
computational prediction techniques become 
particularly attractive when function is emergent, 
and hence less intuitively linked to the isolated 
molecular building blocks. 

Here, we survey some of the advantages and 
disadvantages of different types of porous solids. 
We also take a critical look at our ability to de- 
sign new porous solids at the atomistic level, as 
considered from the viewpoint of individual func- 
tions. An important challenge is to apply these 
design approaches to real, practical systems, where 
it is invariably necessary to optimize more than 
one property, and also to mitigate undesirable 
properties, either through materials or systems 
design. For some new metal-organic and organic 
materials, this may require engineering around 
their more modest thermal and chemical stabil- 
ity relative to porous inorganic solids. 


Functional property drivers 


For industrial applications, the primary concerns 
are functionality and operational costs rather 
than materials classification. However, porous 
solids are often grouped into, and reviewed as, 
separate classes of materials. These classes are 
themselves diverse in structure and function, but 
they nonetheless have some general advantages 
and disadvantages (Fig. 1). For example, porous 
metal-organic and organic solids have enormous 
structural diversity but do not exhibit the high- 
temperature stability of some purely inorganic 
materials, such as zeolites. 


Porous materials can also be classified by their 
degree of long-range order and by the relative 
strength of the bonds between the atomic or 
molecular building blocks. Again, although each 
class is diverse, some broad groupings are pos- 
sible (Fig. 2). For instance, porous polymer net- 
works are typically amorphous but robust (12), 
being composed of strong covalent bonds, whereas 
MOFs are generally crystalline but the metal- 
ligand bonding is unstable to water in some 
cases. Long-range order is not always an advan- 
tage; for example, crystallinity is desirable for 
molecular sieving, where uniform pores are im- 
portant, but amorphous materials with a hierarchy 
of pore sizes might be superior for heterogeneous 
catalysis (13). 

Stability issues notwithstanding, weak inter- 
molecular bonds can be useful in some cases. 
Three-dimensional networks and frameworks 
are, by definition, insoluble, whereas linear poly- 
mers of intrinsic microporosity (PIMs) (74) and 
porous molecular materials (15) have no formal 
intermolecular bonds and can therefore be pro- 
cessed as molecular solutions—for example, to 
form gas separation membranes (J4, 16). In metal- 
organic materials, the intermolecular bond strength 
is tunable over a broad range, and some crys- 
talline porous coordination polymers can be melt- 
processed (17). 

Choosing the best porous solid for an appli- 
cation is challenging because success can rarely 
be gauged from one figure of merit alone, such as 
surface area or catalytic turnover number. As 
well as achieving its core target function, a porous 
material must also meet various other require- 
ments such as stability (e.g., thermal, mechanical, 
hydrolytic, chemical, or photolytic stability), pro- 
cessability, ease of handling, adsorption/desorption 
kinetics, and thermal transport behavior. The use 
of expensive, rare, or toxic elements or reagents, 
either in the material itself or in its synthesis, is 
also to be avoided if possible. Ultimately, indus- 
try deals less in individual classes of materials 
and more in processes, or unit operations, that 
must deliver an integrated function within an 
acceptable life cycle and cost. As such, the rel- 
ative merits of a new porous polymer, for ex- 
ample, should be considered alongside MOFs, 
COFs, porous molecular solids, and existing ma- 
terials such as zeolites and activated carbon 
(Figs. 1 and 2). 


Modular design of function 


Some important advances in functional porous 
solids, selected from the past 10 years, are shown 
in Fig. 3. In principle, it is possible to “dial in” 
almost any function in a porous material by 
combining atomic-level control over structure 
and composition with an adequate understand- 
ing of structure-property relationships. In prac- 
tice there are major challenges, both in attaining 
structural control in solid-state materials and in 
predicting function from structure, even for ma- 
terials where the structure is well established. 
For this reason, some of the materials shown in 
Fig. 3 were “designed” whereas others were 
“discovered.” Effective material design becomes 
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particularly difficult when the porous material 
must satisfy a diverse range of different and 
sometimes orthogonal functional criteria. For 
example, crystallinity provides order but can al- 
so lead to brittleness; high pore volumes can 
provide good gravimetric sorption capacity but 
might also reduce volumetric sorption capacity, 
heat transport, and mechanical strength, both 
for crystalline and amorphous solids. 

MOFs have an inherent design advantage be- 
cause the rigid node-strut topology and coordi- 
nation bonding can be used to control both 
structure and composition (4, 8) (Fig. 1). Like- 


wise, it is possible to control structure and com- 
position in crystalline porous molecular solids, 
such as porous organic cages (15, 18), by exploiting 
strong noncovalent intermolecular interactions. 
COFs have similar structure-property design ad- 
vantages. Their long-range order has often been 
more restricted, although single-crystalline COFs 
have also been prepared (19, 20). However, pro- 
gramming of structure and composition is not 
limited to ordered, crystalline solids; this has also 
been achieved in a modular way for a diverse range 
of amorphous porous polymers (6, 14, 27, 22). In 
certain cases, the molecular repeat unit in the 


material can dominate properties, which allows 
function to be programmed without any long- 
range structural order. For example, pore volume 
and surface area is closely linked to the length of 
the rigid organic linker in conjugated micro- 
porous polymers (CMPs) (22, 23), even though 
they are amorphous, because short linkers avoid 
network interpenetration, as in some crystalline 
MOFs. Another well-established design principle 
in amorphous porous solids is the requirement 
for structural rigidity and sites of contortion in 
PIMs (/4, 21) (Fig. 4A). Molecular cages can also 
have intrinsic porosity: The shape selectivity for 
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Fig. 1. Classes of porous solids and selected functions. The relative 
practical advantages of these materials will depend on the specific application, 
and all will be compared with established materials, such as porous Zeolites 
first column). Activated carbon is another important porous solid, not in- 
cluded here. Notes: (i) Metal-organic frameworks, or MOFs, are also known as 
porous coordination polymers (PCPs) (2). (ii) Microporous materials have 
pores smaller than 2 nm; mesoporous materials have pores in the size range 2 
and surface area, whether comprising micropores or mesopores [e.g., (40-43) 
and (12)]. (iv) Covalent organic frameworks, or COFs, with boronate ester 
inkages [e.g., (5)]. (v) COFs with imine linkages [e.g., (86)]. (vi) A zeotype is a 
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framework that is based on a known zeolite topology. (vii) “Multivariate” MOFs 
comprise more than one organic linker in a single framework [e.g., (9)]. (viii) 
For example, the combination of three different aromatic linkers allowed band 
gap tuning over a wide range for porous polymeric water-splitting catalysts 
(25). (ix) A cocrystal is a molecular crystal containing more than one mo- 
lecular building unit [see (18, 38)]. (x) PIMs are polymers of intrinsic mi- 
croporosity [e.g., (14, 21)]. (xi) Most inorganic zeolites are synthesized using 
an organic template, often an organic amine salt. (xii) See recent review (4). 
(xiii) See (11, 34). (xiv) Conjugated microporous polymers (22). (xv) PIM-1 (14) 
is used in a vapor sensor device (http://umip.com/manchester-polymer-helps- 
protect-people-work). 
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Fig. 2. Functional classification 
of porous solids. One way to 
classify porous materials is by 
their degree of long-range order 
and their intermolecular bond 
strengths. These parameters 
affect function; for example, long- 
range order may be useful in 
molecular sieving applications, 
and strong intermolecular bonds 
may promote chemical or 
thermal stability. Only molecular 
porous solids can be processed 
as true solutions. 


High 


Intermolecular bond strength 


Low 
Low 


aromatic hydrocarbon isomers in a porous or- 
ganic cage molecule was found to be defined by 
the shape of the cage itself (77) (Fig. 4B), which 
showed the same shape selectivity both in the 
solid state and in molecular solutions. Here, func- 
tion is intrinsic to the molecular building unit, in 
contrast with MOFs where the isolated organic 
building units typically show none of the physical 
properties of the self-assembled framework. This 
modular philosophy, where the molecular build- 
ing blocks encode the target function, also applies 
to electronic properties. For instance, electronic 
structure calculations for photocatalytic CMPs 
(24, 25) showed that the electronic properties of 
the polymer can be represented by small clusters 
of just a few monomer units (26). 

Amorphous porous materials present particu- 
lar difficulties for functional design because it is 
laborious to create an unambiguous model for 
the extended three-dimensional structure. As a 
result, of the several hundred recent papers on 
porous organic polymers (27), only a handful give 
extended structural models. Automated compu- 
tational tools that can grow amorphous struc- 
tures in silico offer a way forward (28, 29). Even 
for crystalline porous solids, our capacity for de 
novo design of function is still limited. The in- 
tuitive, topological assembly rules for MOFs, where 
families of metals and ligands assemble to give 
the same general framework topology (8), are not 
generic: Not all metal-ligand combinations lead 
to broad, structurally related families, and frame- 
work interpenetration (where one framework 
grows within another) can be difficult to antic- 
ipate by chemical insight alone. Exploratory syn- 
theses, rather than more linear design strategies, 
are still therefore dominant. One can contrast the 
large number of hypothetical MOFs that we can 
enumerate computationally (30, 32) versus our 
current ability to identify their relative thermo- 
dynamic stabilities, and then to synthesize spe- 
cific, desirable frameworks in a targeted way. For 
porous organic cage molecules, it is possible to 
compute the most thermodynamically stable crys- 
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tal packings from knowledge of the constituent 
molecules alone (/8)—that is, assuming no un- 
derlying topology. If these methods can be made 
less computationally expensive, this offers a future 
strategy for the unconstrained in silico predic- 
tion of structure and function. 

The prediction of physical properties from 
structure is also challenging, even when the struc- 
ture of the porous material is known. The com- 
putational prediction of gas adsorption behavior 
is the best-developed area, and there are many 
examples where gas sorption isotherms have been 
computed for single-component gas systems (32, 33). 
Most studies make use of the rigid framework 
approximation, which becomes increasingly un- 
reliable for flexible structures and for structures 
where the pores are of similar dimensions to the 
sorbate, although a growing number of studies 
have tackled adsorption selectivity in porous ma- 
terials using methods that account for flexibility 
and molecular dynamics (11, 34, 35). Other phys- 
ical properties are more difficult to predict from 
structure alone, and these include important func- 
tions such as catalytic activity and proton con- 
ductivity. Also, most variants of stability, such as 
mechanical stability (36), and even basic properties 
such as melting point, are relatively difficult to pre- 
dict de novo from knowledge of atomic structure. 

In summary, our ability to design function in 
porous materials a modular way has evolved 
markedly in the past 20 years, both for crystalline 
and amorphous porous solids. For example, crys- 
talline MOFs (9), amorphous CMPs (37), and 
porous organic cage molecules (38) all constitute 
modular organic building blocks that may be com- 
bined interchangeably to produce more complex 
functional materials. Recently, but still uncom- 
monly, computation has been used to guide rather 
than to post-rationalize experiments (39). 


Porosity and surface area 


Extraordinary surface area (4, 40-42) and pore 
volume have been achieved in MOFs and COFs, 
including mesoporous frameworks with pores 


sizes up to 9.8 nm (43), but the stability of these 
ultralow-density structures is as yet unproven for 
practical applications. For applications such as 
gas storage, surface area per se, as calculated 
from nitrogen adsorption isotherms, may not be 
the defining property (39, 44, 45). The design 
principles for achieving “ultraporosity” in crys- 
talline MOFs were reviewed quite recently (4). 
High levels of porosity are not, however, limited 
to crystalline frameworks. Amorphous polymers 
can have surface areas of more than 5600 m?/g 
(12) through the use of rigid tetrahedral organic 
nodes and short, rigid linkers to avoid framework 
interpenetration (46). These covalently bonded 
networks are also stable to boiling water. Ex- 
tremely high surface areas do not necessarily 
translate into direct advantages for applications 
such as CO, capture or molecular separations, 
but high pore volumes do provide other oppor- 
tunities for diversification of function. Postsyn- 
thetic modification of robust, high-surface area 
polymers can introduce functionality such as 
acids (47) and amines (48). Even highly derivat- 
ized polymers could retain substantial surface 
area and adsorption capacity because the native, 
unfunctionalized framework started with such a 
high pore volume. Until recently, molecular solids 
have exhibited very low pore volumes and sur- 
face areas (49), but recent studies revealed mo- 
lecular organic solids with surface areas in excess 
of 3700 m?/g (50). Here, the design principle is 
protected free volume within a porous organic 
cage; by contrast, most crystalline molecular ma- 
terials with cavities are not stable to desolvation. 
Several design approaches have been used to pre- 
serve porosity in molecular crystals, such as strong 
intermolecular hydrogen bonding (57), the com- 
putational prediction of shape persistence in cage 
molecules (52), and the use of metal-coordination 
bonding to create “wall ties” (53) that stabilize an 
otherwise unstable, low-density crystal structure. 


Selectivity 


Porous solids are an energy-efficient alternative 
for molecular separation processes that are cur- 
rently performed by cryogenic distillation or by 
selective liquid solvents. The major formats are 
porous adsorbents and membranes (54). MOFs 
can be highly effective in molecular separations 
because the pore channel size, shape, and func- 
tionality can be controlled, much as for crystalline 
zeolites. An iron MOF, Fe.(dobdc) (dobde: 2,5- 
dioxido-1,4-benzenedicarboxylate) (55), selectively 
adsorbed alkenes because of open iron(II) sites 
that can coordinate unsaturated species, thus al- 
lowing the separation of alkenes from alkanes. 
Likewise, affinity separations using metal-organic 
coordination were achieved in metallated amor- 
phous porous solids (56, 57). Hydrocarbons can 
also be separated by MOFs using a summation of 
weaker supramolecular interactions (58). A porous 
framework was used to separate carbon monoxide 
(CO) and nitrogen by exploiting a unique structural 
transformation that occurs upon CO binding, thus 
giving rise to “self-accelerating” CO sorption (59). 

The separation of branched and linear Cg, C;, 
and Cs hydrocarbons is another important process 
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Fig. 3. Selected advances in functional porous solids. Both experimental and computational methods have progressed rapidly in the past decade to yield a 
range of materials with new or improved functions. Numbers in parentheses denote relevant references. 
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in industry, currently performed using zeolites. 
Here there is no metal coordination strategy be- 
cause these hydrocarbons are saturated. An iron 
MOF, Fe,(BDP); (BDP: 1,4-benzenedipyrazolate), 
was shown to discriminate between linear and 
branched hexane isomers at industrially relevant 
temperatures (60). It was hypothesized that linear 
n-hexane has stronger van der Waals interactions 
with the triangular channel walls in the MOF. 
Selectivity is a defining function in adsorbents 
for postcombustion carbon capture (7) where it is 
necessary to adsorb CO, in preference to other 
gases, such as nitrogen. Selective CO, adsorption 
has been demonstrated in MOFs where the CO, 
inserts into the metal-ligand bonds, which sug- 
gests that the function of CO--fixation enzymes 
might give clues to designing better synthetic 
CO, adsorbents in the future (67). In this system, 
crystallinity is probably essential for the resulting 
function: The energy-efficient adsorption and de- 
sorption of CO, over a very narrow pressure range 
occurs because of cooperative effects between 
neighboring functional groups in the crystalline 
lattice. Amorphous porous polymers, for exam- 
ple, might not give similar cooperative behavior, 
even if suitably metallated (56, 57). Excellent se- 
lectivity and CO, capacity have also been demon- 
strated for water-tolerant metal-organic materials 
based on the hexafluorosilicate anion (62). Hydro- 
phobicity is a useful qualitative design principle 
for CO,/H,O selectivity. Recent studies on hydro- 
phobic hyper-cross-linked polymers show that 
these materials swell in CO. at pressures relevant 
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Fig. 4. Modular programming of function in porous molec- 
ular organic solids. (A) Porosity is defined by the rigid 
bonding in the monomers of linear polymer. Reaction of the 
diamine monomer with dimethoxydimethane (DMM) and 
trifluoroacetic acid (TFA) yields a polymer, PIM-EA-TB, with 
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to precombustion CO, capture and that they ad- 
sorb very little water, outperforming materials 
such as MOFs, zinc imidazolate frameworks (ZIFs), 
zeolites, and activated carbons under these 
conditions in terms of both CO, capacity and 
CO./H20 selectivity (63). The rational, atomis- 
tic design of more selective materials here is 
doubly complex, both because the materials are 
amorphous and because swelling is not easily 
captured in molecular simulations. Sorbent swelling 
could present an engineering problem in packed 
adsorbent beds, especially in postcombustion car- 
bon capture where close-to-zero pressure drops 
are required. Fascinatingly, it seems that frame- 
work flexibility can be strongly influenced by 
crystal size (64), thus suggesting the scope to 
modulate such effects. 

For polymer membranes, selectivity is a com- 
plex function of both solubility and diffusion 
terms. Design of function in amorphous polymer 
materials has so far been largely empirical, but 
this has yielded many successes. In particular, 
PIMs with extreme rigidity, which are nonetheless 
solution-processable, can combine excellent gas 
selectivity and gas permeability (27). The one-step 
synthesis of these rigid polymers is simple and 
elegant (Fig. 4A). 


Kinetics 


Applications such as molecular separations, het- 
erogeneous catalysis, and proton conductivity 
using porous materials are all critically depen- 
dent on diffusion kinetics (65). The actual regime 
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extreme rigidity that combines excellent gas selectivity and 

gas permeability. (B) Molecular selectivity for hydrocarbons is defined by an isolated organic cage 
molecule. The triangular cavity in the cage (highlighted in green) is a good shape match for mesitylene, 
which can be entrapped by the cage, and also for m-xylene, but not for p-xylene. PIM-EA-TB is 
amorphous while the cage molecule is crystalline, but the organic building blocks encode solid-state 


function in both cases. 
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of diffusion limitation is specific to a given ap- 
plication. For instance, the principal diffusion 
resistance may not be in the nanopore size range 
and may actually be in the mesopore or macro- 
pore region, and then the engineered form and 
shape of the sorbent material may become more 
important. For membranes, there is a compro- 
mise between selectivity and permeability (66), 
and there is a major drive to discover new ma- 
terials that maximize both of these parameters 
(21, 54). Physical aging of membranes is a prob- 
lem that needs to be addressed, because initial 
permeabilities in PIMs can decrease drastically 
over quite short periods of time (67). The use of 
mixed-matrix membranes is one possible solu- 
tion (16, 68), where a second, rigid filler mate- 
rial is blended with the polymer to stabilize the 
porosity over time, although this also introduces 
various processing challenges. 

In CO, capture from flue gas, the amount of 
CO, that can be captured at a given gas flow rate 
is determined by the adsorption kinetics. Mate- 
rials with high equilibrium CO, uptakes but slow 
kinetics may not be useful because these equi- 
librium values might not be achieved in a dyna- 
mic flow situation. Hence, for gas separations, 
the working capacity defines the quantity of gas 
that can be adsorbed and desorbed by the sor- 
bent within a given pressure- or temperature- 
swing time cycle (7). A general challenge is that 
adsorbents with excellent selectivity might often 
have poor kinetics and hence poor working ca- 
pacities because the pore channels are, by defi- 
nition, close in size to the dimensions of the guests 
(11). One promising strategy is the hierarchical 
structuring of materials to contain interconnected 
large and small pores, again highlighting the im- 
portance of processability. 


Processability 


It is uncommon for porous materials to be usable 
in applications as synthesized; they are typically 
processed into a specific form, such as a pellet, 
a thin polymer membrane (54), or a surface- 
deposited MOF or zeolite film (69-73). Process- 
ability is therefore an important functional 
property that is often ignored, at least in the 
early discovery phase for new materials. 
Mixed-matrix membranes (MMMs) are promis- 
ing composite materials for gas separations (68), 
but processing challenges arise where the con- 
stituent materials in the MMM are incompatible. 
This can lead to nonselective channels at the 
phase interfaces between the organic polymer 
and the filler, which is typically an inorganic ma- 
terial such as silica or zeolite. An important de- 
velopment here is the use of porous organic fillers, 
such as organic cage molecules (J6) or porous 
polymers (74), which in principle can form a more 
stable interface with the surrounding organic po- 
lymer phase. A key advantage of the organic cage 
MMM approach is that both the cage and the 
membrane polymer are soluble in common organ- 
ic solvents, thus avoiding potential processing 
issues associated with colloidal particulate fillers. 
Insoluble materials (Fig. 2) can nonetheless be 
processed, as illustrated by the development of 
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large-scale pervaporation modules based on zeolite 
membranes grown on tubular supports (73). 
Processability can also have a strong influence 
on cost, including that of the constituent feed- 
stocks for the material and of any steps needed to 
render the material into a usable form. Simple, 
scalable processing routes with few steps are 
therefore desirable, irrespective of material type. 


Mechanical properties 


The success of porous materials in industrial 
processes depends on their stability to stresses 
such as tension, compression, shear, bending, 
torsion, and impact (75). There are comparative- 
ly few studies on this important subject. Nano- 
indentation studies on MOF-5 concluded that 
inert atmospheres and low applied stresses would 
be needed to maintain structural integrity (76). 
The mechanical properties of “soft porous crys- 
tals,” a subclass of MOFs (77), were found to be 
low, particularly with respect to shear stresses 
and fracture propagation, although their synthetic 
variability allows scope to design new materials 
with improved strength. To maximize the strength 
of MOFs, it was suggested that framework con- 
nectivity should be as high as possible, as in the 
case of UiO-66 with 12-coordinate Zr, while the 
organic linkers should be short in length. Porous 
amorphous organic polymers show a similar trend 
of decreasing mechanical stability with increasing 
linker length (78); boron-based COFs were cal- 
culated to have similar mechanical properties to 
porous aromatic frameworks (79). There are hence 
some general design rules that transcend mate- 
rial subclass, and calculations here can show good 
agreement with experiment (36). 


Stability 


Stability can mean many things in addition to 
mechanical stability, and it is an important, 
general challenge for porous materials in the 
future. Most applications for porous solids will 
require stability in air as a minimum. Other ap- 
plications, such as post-combustion CO, capture, 
also require stability under humid, acidic condi- 
tions (63). For photocatalysts, long-term stability 
under intense irradiation is a requirement (25). 
In terms of thermal stability, high-temperature 
heterogeneous catalysis is likely to remain the 
preserve of inorganic materials, because the oper- 
ating temperatures effectively rule out most of the 
newer porous organic and metal-organic ma- 
terials. For lower-temperature processes, there is 
a growing body of work that shows that new 
materials might have adequate thermal stability. 

The first generation of porous MOFs and 
boronate ester COFs had reasonable thermal sta- 
bility, but they were rather unstable to moisture. 
The hydrolytic stability of MOFs has since been 
greatly improved using design strategies such as 
hydrophobic organic linkers (80) or postsynthet- 
ic modification with diazo groups (87). UiO-66 
and its derivatives were shown to retain their 
structural stability after immersion in water and 
0.1M HCI solutions; HKUST-1 (Cu-BTC) is water- 
stable under certain conditions but degrades at 
higher relative humidities and/or temperatures 
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[90% relative humidity (RH) at 298 K] (82). MOFs 
have also been studied for their water adsorption 
and dehumidification properties (83, 84). To be 
useful in practical applications such as CO, cap- 
ture, porous materials must be stable to the com- 
ponents in flue gas, not least to COs. itself and 
acidic components such as SOg, which is difficult 
to scrub. Recent studies cast doubt on the long- 
term stability of some ZIFs under humid condi- 
tions: A carbonate decomposition product was 
observed upon exposure of ZIF-8, dia-Zn(MeIm), 
(MelIm: methylimidazole), or ZIF-67 to either gas- 
eous CO, in 100% RH or CO, dissolved in water 
(85). Porous organic polymers can have excellent 
hydrolytic stability as well as stability toward acids 
and bases, although long-term oxidative stability 
is less well studied. Crystalline or semicrystalline 
COFs that are formed from less labile covalent 
linkages (86, 87) should have good chemical sta- 
bility. Surprisingly, porous molecular crystals can 
also show high stability to water (88), or even to 
acids and bases (pH = 2 to 12), so long as re- 
versible imine linkages are not present (89). 


Thermal properties 


Heat management is a fundamental issue both 
in adsorption processes, such as gas storage or 
separation, and in heterogeneous catalysis. There 
are two related parameters to consider: (i) how 
much heat is released upon adsorption or by a 
catalytic reaction, and (ii) how readily that heat 
is dissipated in the material. Poor heat dissipa- 
tion would be a problem for large adsorbent or 
catalyst beds. The degree of heat released is a 
function of the pore size and pore chemistry, 
and for catalysts it is also a function of the na- 
ture of the chemical reaction. Heat dissipation 
is a function of the thermal conductivity of the 
material, its specific heat capacity, and its phys- 
ical form. A high specific heat capacity is not 
necessarily advantageous; for example, in tem- 
perature-swing adsorption and desorption, this 
may increase the amount of thermal energy that 
is required to regenerate the adsorbent. By con- 
trast, good thermal conductivity is generally an 
advantage because it allows heat to be removed 
from or added to the porous material. 

MOF-5 has poor thermal conductivity: 0.31 
W mK} which is similar to concrete (90) and 
around an order of magnitude lower than other 
porous solids such as the zeolites sodalite and fau- 
jasite. ZIF-8 was predicted to have an even lower 
thermal conductivity of 0.165 to 0.190 W m™ K* 
(91). These low values are not surprising given the 
low atomic number density for the materials, and 
comparable values might be expected for many 
of the material types summarized in Fig. 1. Recent 
computational studies suggest that there is some 
scope for designing higher thermal conductivities 
in MOFs, and by implication other porous solids, 
by considering the framework topology (92). 


Catalytic activity 


Porous frameworks offer many advantages over 
both homogeneous and nonporous heteroge- 
neous catalysts, for example, in terms of ease of 
recovery and shape and size selectivity. Zeolites 


have by far the most widespread use in industrial 
catalysis, especially in the area of size-selective 
heterogeneous catalysis (93). Catalytic activity has 
also been demonstrated in a wide range of MOFs 
(94-96), COFs (97) and porous polymers (98), in 
principle addressing problems that zeolites cannot 
tackle. For example, one recent strategy is “defect 
engineering” to yield MOFs with coordinatively 
unsaturated metal centers, allowing unusual re- 
activity (99). In addition to more traditional ther- 
mal catalysis, heterogeneous photocatalysts are of 
interest in applications such as wastewater treat- 
ment, hydrogen production, artificial photosyn- 
thesis, and degradation of pollutants (100). In this 
regard, the growing number of metal-free porous 
polymer organocatalysts is of interest (98, 101, 102). 
In particular, carbon nitride (103) and carbon 
nitride composite materials (104) show promise as 
metal-free catalysts for the photochemical splitting 
of water, although those materials are not inher- 
ently porous. Extended conjugation is not a typical 
property of zeolites or MOFs, but this can be 
achieved in conjugated microporous polymers (22) 
and in some COFs (105-107). The modular design 
of improved porous organic photocatalysts—for 
example, by using “band gap engineering” strat- 
egies (24) to allow more effective adsorption of 
the available solar spectrum—is a design strategy 
for the future, as exemplified recently for porous 
polypyrene materials for photochemical hydrogen 
evolution (25). The introduction of high levels of 
porosity should allow faster and more efficient 
mass transport of water to the photogenerated 
charges in the catalyst. 


Other specific functions 


Porous frameworks (108-110), porous molecular 
solids (111), and zeolites (772) all show promise as 
proton conductors. Porous COFs (105-107) and 
MOFs (773) have potential in organic electronics, 
and porous conjugated microporous polymers 
are promising supercapacitors (114). Solution- 
processable porous organic solids have been in- 
corporated into sensors (115). The degree to which 
function can be designed into these various ap- 
plications depends upon the property of interest. 
For example, the design of new proton conduc- 
tors and supercapacitors is, at this stage, some- 
what more empirical, not least because there is 
no single mechanism for proton transport or for 
charge storage. 


De novo computational design 


Although we are still some way from the rou- 
tine de novo design of even individual functions 
for porous solids, there have been major recent 
advances in this direction. Large-scale computa- 
tional screening was applied to MOFs, where 102 
building blocks were used to generate 137,953 
hypothetical frameworks (37). This initial exam- 
ple was limited to rigid frameworks, and candi- 
date structures were restricted to no more than 
four unique building blocks per MOF. Monte 
Carlo simulations suggested a large number of 
hypothetical materials with methane adsorption 
capacities that were greater than the record ma- 
terial at the time (230 volgyp vol), and one of 
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these predicted materials was found to be related 
to an experimental MOF that did indeed have ex- 
cellent methane capacity that was close to the 
predicted value. In a more recent study, the same 
team explored the limits of practical methane 
storage in MOFs, and in particular the feasibil- 
ity of reaching the Advanced Research Projects 
Agency-Energy target methane delivery capacity 
of 315 cm?(STP)/cm? (39). A computational sur- 
vey of 122,835 hypothetical frameworks considered 
how properties such as void fraction, volumetric 
surface area, and heat of adsorption affect the de- 
liverable methane capacity (Fig. 5A). The results 
indicated that the best delivery capacity for any 
of the hypothetical frameworks was substantially 
lower than the 315 cm*(STP)/cm? target (Fig. 
5B). Only an artificial factor of 4 increase in the 
Lennard-Jones ¢ parameters in the simulations, 
combined with an increase in the delivery tem- 
perature to 398 K, allowed this target to be at- 
tained (Fig. 5C). This illustrates the difficulty in 
designing adsorption sites in frameworks that 
interact strongly enough with methane, and it is 
an excellent example of the use of computation 
to guide rather than simply rationalize the de- 
sign of porous solids. Recently, a “computation 
ready” (116) database of MOF structures has been 
made publicly available, thus allowing a broader 
computational community to participate in such 
property predictions for large libraries of mate- 
rials (116, 117). Computational screening has also 
been applied to identify zeolites for ethanol/ 
water separations (178) and for natural gas puri- 
fication (119); in the latter case, a hierarchical 
approach was applied that included process cost 
analysis as the final ranking step. 

These high-throughput property predictions 
for libraries of hypothetical frameworks are a po- 
tentially enabling development for experimental- 
ists, but there are also limitations. The frameworks 
were treated as rigid to reduce computational cost, 
although computational methods do exist that can 
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Fig. 5. Exploring the limits of methane storage and delivery using high- 
throughput computation. (A) Molecular simulations for 122,835 hypothetical 
MOFs and 39 idealized carbon-based porous materials yield a map of methane 
deliverable capacity for the materials, as relevant to natural gas storage ap- 
plications. The relative thermodynamic stabilities of the various hypothetical 
frameworks were not considered. (B) Structures of HKUST-1, NU-125, and NU-111, 
the three best MOFs in terms of deliverable capacity between 65 and 5 bar, and 
Ni-MOF-74, the best MOF for methane storage at 35 bar. (C) Methane delivery 
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treat framework flexibility for smaller numbers of 
frameworks (35, 120, 121). These high-throughput 
methods also do not provide a synthesis protocol 
for the computer-generated MOFs, nor do they 
ensure their thermodynamic stability. Indeed, such 
methods will tend to generate a large number of 
structures that are insufficiently thermodynami- 
cally stable to be accessed by experiment. Calcu- 
lations have been used to assess the relative 
stabilities of different framework topologies, both 
for crystalline MOFs (122, 123) and for amorphous 
porous polymers (46), but these methods are not 
yet computationally affordable or sufficiently gen- 
eralized to be used for the routine selection of 
promising synthetic targets, even when compo- 
sition is fixed or constrained. The unconstrained 
prediction of the most thermodynamically stable 
compositions from a range of possible hypothet- 
ical phases is extremely challenging. 

Is it possible, then, to predict structure, thermo- 
dynamic stability, and functional properties for 
porous materials from their constituent molecular 
building blocks without any input from experi- 
ment? There are no single studies that demon- 
strate such a de novo computational approach in 
its entirety, but there is potential to do this in the 
future—for example, by introducing energy rank- 
ing steps into the aforementioned large-scale com- 
putational screening of hypothetical MOFs. The 
strategy can also be illustrated for molecular or- 
ganic crystals. The most stable organic cage com- 
pound for a given combination of organic linkers 
can be computed (Fig. 6, step 1) (124), along with 
the potential of the isolated cage to be shape- 
persistent and porous (52). Using the most stable 
computed cage structure, the lowest-energy crys- 
tal packing can then be computed using crystal 
structure prediction (step 2) (/8). This computed 
crystal structure then feeds molecular dynamics 
simulations to probe gas diffusion and the dynam- 
ic pore size envelope (step 3) (125) and Monte 
Carlo simulations to evaluate gas sorption prop- 


erties and gas selectivities (step 4) (34), much as 
for large-scale computational MOF screening. 
Hence we could compute, without any physical 
experiments, that reaction of 1,3,5-triformylbenzene 
and (R, R)-cyclohexanediamine should form a 
flexible, porous molecular solid with a remark- 
ably high selectivity for xenon adsorption, as found 
by experiment (34). 

We stress that this is a retrospective example; 
in reality, steps 1 to 4 were carried out in a series 
of studies over the course of about 5 years 
(18, 34, 52, 124), with experimental validations in- 
terspersed between the steps. However, with 
suitable advances in methodology and hardware, 
virtual screening methods could become a com- 
petitive reality. The largest single challenge here 
is perhaps the structure prediction and lattice 
energy calculation (step 2), which are not yet 
generic, especially if less rigid building blocks or 
the de novo prediction of the most likely compo- 
sitions for multicomponent solids are considered. 

The cages illustrated in Fig. 5 are quite large, 
prefabricated modules. By contrast, most MOFs, 
COFs, and polymers are prepared from smaller 
building blocks, which increases computational 
expense for unconstrained structure-composition 
searches. It is possible that a strategy of “extended 
modules,” as used to predict function for in- 
organic oxides (126), might also be adapted to 
porous framework solids so that the structure 
and function of complex materials could be pre- 
dicted in a more granular way. 


Outlook 


The field of porous materials is at an exciting 
stage in its evolution. Compared to 20 years ago, 
there are many more types of functional porous 
solids to choose from, and zeolites, while mature 
and commercially established, are still develop- 
ing rapidly. For example, two-dimensional zeo- 
lites (72) open up new possibilities for what were 
hitherto thought of as three-dimensional materials. 
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capacity (between 65 bar/298 K and 5.8 bar/398 K) for 48,000 hypothetical 
MOFs where the Lennard-Jones interaction parameter, which describes the 
interaction between methane and the MOF, is normal (purple), artificially doubled 
(green), and quadrupled (blue). A quadrupling of this parameter is needed to 
approach the ARPA-E target of 315 cm?(STP)/cm? deliverable methane capacity, 
illustrating that even a wide range of hypothetical MOF structures do not interact 
strongly enough with methane to be practical, even though there is, in principle, 
sufficient surface area available in some of these materials. 
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Fig. 6. In silico prediction of function from molecular building blocks. As 
computational methods evolve, it will become increasingly possible to predict 


structure and function for porous materials from k 


building blocks alone. In this example, the most stable organic cage structure 


can be predicted from the aldehyde and amine bui 
the crystal structure can then be predicted from t 


This new diversity can, however, make it hard to 
select the best material for a specific purpose. 
The qualitative criteria presented in Figs. 1 and 
2 offer some guidance, but we suggest that the 
long-term solution is to develop computational 
structure/property prediction tools to augment 
experiment, ultimately to allow the de novo de- 
sign of new porous solids. This would have strong 
translational benefit because the same prediction 
challenges exist for a wide range of nonporous 
solid-state materials; steps 1 to 3 in Fig. 6, for 
example, could be applied to any crystalline or- 
ganic solid, whether porous or not. 

Pending development and generalization of 
these predictive tools, materials design will pro- 
ceed mainly via more qualitative, empirical rules, 
iterated with synthesis and property measure- 
ments. In this respect, some general opportuni- 
ties and challenges can be identified. Carbon 
dioxide capture is an important unsolved prob- 
lem where porous materials could be the solu- 
tion, but the barriers to commercialization are 
daunting, not least because of the enormous scale: 
A single power plant can produce more than 20 
billion kg of CO. annually. Candidate materials 
must therefore have low cost and long service 
lifetimes (i.e., good stability). Although substantial 
progress has been made on selectivity, both for 
adsorbents (67-63) and for membranes (2)), scale- 
up potential will equally depend on kinetics. For 
membranes, selectivity and permeability are usual- 
ly studied together, but for adsorbents, kinetics are 
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less commonly investigated, and this is an area 
that requires more attention. In order for PIM 
membranes (/4, 27) to displace commercial high- 
free volume polymers in large scale separations, 
or to establish entirely new separation processes, 
it will be important to solve the physical aging 
problems associated with these materials (67). 
Improved water purification and water recovery 
(83, 84) technologies are also of growing impor- 
tance worldwide. In principle, many of the ma- 
terial classes outlined in Fig. 1 could translate 
into water purification technologies, and this will 
likely be a future growth area, although again the 
scale of these processes necessitates improved 
performance, low cost, and high durability to 
compete, for example, with commercial desalina- 
tion membranes. Heterogeneous catalysis is a 
mature field, and new porous solids must show 
specific advantages over established catalysts and 
catalyst supports such as zeolites, alumina, silica, 
or simple polymer resin technologies. So far, many 
heterogeneous MOF catalysts are simply variants 
of these more classical materials. However, a range 
of new opportunities exists; for example, the rise 
of asymmetric molecular organocatalysis (127) 
predates the rapid expansion in porous organic 
polymers (6, 22, 27) by just a few years. It is likely, 
therefore, that a range of metal-free porous het- 
erogeneous polymer organocatalysts will soon 
follow (98, 101, 102), especially given the enormous 
synthetic versatility in porous polymers, which is 
perhaps their key advantage (Fig. 1). More spe- 
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module (step 2). Molecular dynamics simulations (step 3) give information 
about gas diffusion rates, and grand canonical Monte Carlo simulations (step 4) 
predict both gas capacity and gas selectivity. This workflow could be applied in 
the future to hypothetical 
design of function for porous solids. Numbers in parentheses denote references 
relevant to the individual 


molecules, which would then allow the true in silico 
steps. 


cifically, CMP photocatalysts (25) have extended, 
conjugated chromophores that are not present in 
more traditional heterogeneous catalysts. The 
recent discovery of an organic, metal-free photo- 
catalyst that performs photochemical water split- 
ting for 200 days without a reduction in activity 
(104) suggests that for at least some organic ma- 
terials, long-term photostability can be achieved 
that matches or exceeds that of traditional in- 
organic semiconductors. More active polymer 
photocatalysts for water splitting could in turn 
stimulate the search for improved porous sepa- 
ration media for the hydrogen and oxygen gas 
streams that would be produced. Alternatively, it 
might be possible to design a porous membrane 
material that not only produces hydrogen and 
oxygen gas but also separates them—for example, 
by tailoring the pore size. 

Separation, adsorption, and heterogeneous ca- 
talysis are what might be called “traditional” 
areas for porous materials. There are also recent 
studies that demonstrate new possibilities for 
porous solids (105-115) where the advantages 
over materials such zeolites are perhaps more 
clear-cut. For example, in battery and super- 
capacitor technologies, new porous solids (114) 
will be competing instead with materials such as 
graphite and graphene. New porous electronic 
materials have developed rapidly in recent years, 
where crystalline porosity in COFs, for example, 
has been used to position functional units with 
respect to one another in space (105-107) more 
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than to achieve porosity per se. Dopable, solution- 
processable porous molecular solids (15), per- 
haps designed using crystal structure prediction 
methods (78), would be a logical future develop- 
ment here. 
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Structural basis for energy 
transfer pathways in the plant 
PSI-LHCI supercomplex 


Xiaochun Qin,””* Michihiro Suga,”* Tingyun Kuang,'+ Jian-Ren Shen»?+ 


Photosynthesis converts solar energy to chemical energy by means of two large 
pigment-protein complexes: photosystem | (PSI) and photosystem II (PSII). In higher 
plants, the PSI core is surrounded by a large light-harvesting complex | (LHCI) that 
captures sunlight and transfers the excitation energy to the core with extremely high 
efficiency. We report the structure of PSI-LHCI, a 600-kilodalton membrane protein 
supercomplex, from Pisum sativum (pea) at a resolution of 2.8 angstroms. The structure 
reveals the detailed arrangement of pigments and other cofactors—especially within 
LHCl—as well as numerous specific interactions between the PSI core and LHCI. These 
results provide a firm structural basis for our understanding on the energy transfer 

and photoprotection mechanisms within the PSI-LHCI supercomplex. 


hotosynthesis uses light energy from the 

Sun to convert CO, and water into carbo- 

hydrates and oxygen, thus sustaining all 

aerobic life forms on Earth. In oxygenic 

photosynthesis, photosystem II (PSII) uses 
light energy to split water into oxygen, protons, 
and electrons, whereas photosystem I (PSI) is 
responsible for the reduction of nicotinamide 
adenine dinucleotide phosphate (NADP*) into 
NADPH. In higher plants, the PSI core is sur- 
rounded by the light-harvesting complex I (LHCD, 
forming a PSI-LHCI supercomplex, to facilitate 
efficient energy harvesting while avoiding con- 
centration quenching (7). The energy absorbed 
by LHCT is transferred to the PSI core, where it 
is converted into chemical energy with a quan- 
tum efficiency close to 100% (2). 

The PSI core exists as a homotrimer in cyano- 
bacteria, and its structure has been determined 
at 2.5 A resolution (3). Each monomer contains 
12 protein subunits, 128 cofactors [96 chloro- 
phylls (Chls), two phylloquinones, three Fe,S,, 
clusters, 22 carotenoids, four lipids, and a Ca?* 
ion]. By contrast, the higher plant PSI-LHCI super- 
complex exists in a monomeric form and con- 
tains four unique subunits (PsaG, PsaH, PsaN, 
and PsaO) in the core, as well as subunits homol- 
ogous to cyanobacterial PSI (4) and four Lhca 
subunits (Lhcal to Lhca4) in the LHCI complex. 
The structure of the higher plant PSI-LHCI super- 
complex has been solved at 4.4 A to 3.3 A res- 
olutions from P. sativum var. Alaska (5-7), which 
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revealed the presence of 17 protein subunits (13 
core subunits and four Lhcas) and 199 cofactors 
[174 chlorophyll a molecules (Chls a), 19 carote- 
noids, two phylloquinones, three Fe,S, clusters, 
and one lipid] (PDB ID: 3LW5) with a total mo- 
lecular mass of 600 kD (7). However, the resolu- 
tions achieved so far were not high enough to 
reveal the detailed structure of PSI-LHCI, espe- 
cially with respect to the position and number 
of cofactors associated with LHCI. 

We crystallized PSI-LHCI from P. sativum var. 
Alaska and analyzed its structure at 2.8 A reso- 
lution (figs. S1 to S5 and table S1) (8). This im- 
proved resolution reveals the detailed organization 
of protein subunits and cofactors, enabling the 
mechanisms of energy transfer, regulation, and 
photoprotection within the PSI-LHCI super- 
complex to be examined on a more robust struc- 
tural basis. 


Architecture of the 
PSI-LHCI supercomplex 


The overall structure of PSI-LHCI resembles a 
semispherical shape similar to that reported 
previously, with a dimension of 140 A x 40 A 
(Fig. 1, A and C). The supercomplex contains 16 
subunits but does not include PsaN and PsaO, 
which suggests that these two subunits were lost 
during purification or crystallization owing to 
their loose association with the PSI core (9, 10). 
Four LHCI subunits, Lhcal to Lhca4, are arranged 
in the form of a heterodimer of two heterodimers 
(Lheal-Lhea4 and Lhea2-Lhea3) and are attached 
to one side of the PSI core where PsaG, PsaF, PsaJ, 
and PsaK are located (Fig. 1A). 

In addition to the protein subunits, we as- 
signed 155 Chls (143 Chls a and 12 Chls b), 35 
carotenoids [26 B-carotenes (BCRs), five luteins 
(Luts), and four violaxanthins (Vios)], 10 lipids 
[six phosphatidylglycerols (PGs), three monoga- 


lactosyldiacylglycerols (MGDGs), and one digalac- 
tosyldiacylglycerol (DGDG)], three Fe,S, clusters, 
two phylloquinones, and several water molecules 
(Fig. 1B and table S2). We identified fewer Chls 
than in the previous study (155 versus 174) (7), 
which may be due to ambiguities in the electron 
density of the previous lower-resolution struc- 
ture. The composition of the pigments we as- 
signed in the crystal structure largely agrees 
with the results of our chemical analysis by high- 
performance liquid chromatography (HPLC) 
(table S3). [For a detailed assignment of these 
cofactors and comparison with the previous 
structure (6, 7), see table S2 and fig. S6.] There 
are two monomers in the crystallographic asym- 
metric unit; because the monomers are identi- 
cal, we describe the PSI-LHCI structure of the 
monomer whose chains are labeled by capital 
letters in the PDB file. 


Structure of the Lhca apoproteins 


All of the Lhca proteins have three major trans- 
membrane (TM) helices, A, B, and C, and an 
amphipathic helix D at the lumenal side (Fig. 2, 
A and B, and fig. S7), similar to the structures 
of light-harvesting complex II (LHCII) and the 
minor antenna protein CP29 (fig. S8, A to D) 
[for LHCI we followed the nomenclature used 
in LHCII (17) and CP29 (72), whereas for the PSI 
core we followed the nomenclature used in cyano- 
bacterial PSI (3)]. However, there are notable 
differences among the structures of the four 
Lhcas, and between Lhcas and LHCII and CP29, 
in the two loop regions AC and BC as well as the 
N-terminal region, which are the least conserved 
regions in the sequences (Fig. 2 and fig. S8E). In 
loop AC, the length of Lhcal resembles that of 
LHCII and CP29 (fig. S8, A to D) but is much 
shorter than that of Lhca2, Lhcea3, and Lhca4 
(Fig. 2C). In loop BC, the short amphipathic helix 
E found in both LHCII and CP29 structures be- 
comes shorter and locates closer to helix B in 
Lhcal, and no longer exists in Lhca2, Lhca3, and 
Lhcaé (Fig. 2D). In the N-terminal region, three 
Lheas (Lheal, Lhea2, and Lhea4) have a similar 
folding containing Ch1601, whereas Lhca3 has a 
short “helix F” (Ser®*-Tyr®™) and does not have 
Chl at the equivalent position (Fig. 2, E to G). 

In addition, helix B of Lhca3 is one turn shorter 
than other Lhcas at the stromal side (Fig. 2, B 
and E), allowing the forward loop region (Leu”- 
Glu®’), which interacts with the PSI core in all 
Lhca proteins, to maximize interactions with 
PsaA. Helix C of Lhcal is one turn shorter than 
other Lhcas at the stromal side, making it more 
similar to LHCII and CP29 (Fig. 2, A and C, and 
fig. S8, A and B). Taken together, the middle 
Lhcas (Lhea2 and Lhca4#) in the “LHCI belt” are 
very similar, whereas Lhcas residing in the two 
sides (Lhcal and Lhca3) have notable differences. 
These differences may be responsible for the var- 
jiations in their pigment composition and spatial 
arrangement, and for their association with other 
subunits. 

LHCI was often separated into two fractions 
upon isolation: one enriched in the Lhcal-Lhca4 
dimer (13, 14) and the other enriched in the 
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Lhca2-Lhea3 dimer (5). From our structure, 
the Lhca-Lhca intersubunit interactions can 
be categorized into two types: (i) hydrophilic 
interactions between the N- and C-terminal re- 
gions of one Lhca with helix C of the adjacent 
Lhea, and (ii) hydrophobic interactions between 
Chls and carotenoids from helix A of one Lhca 
with those from helix C of the adjacent Lhca 
(Fig. 3). Our structure indicates that both types 
of interactions are stronger between Lhcal and 
Lhcaé, slightly weaker between Lhca2 and Lhca3, 
and much weaker between Lhca2 and Lhca4. 
In particular, two bridging carotenoids, BCR623 
and Lut624, were found in the region between 
Lhcal and Lhca4, maximizing their interactions 
(Fig. 3, A and D), whereas only BCR623 was found 
between Lhca2 and Lhca4 (Fig. 3, B and E) and 
between Lhca2 and Lhca3 (Fig. 3, C and F), lead- 
ing to weaker interactions between them. 


Arrangement and functions 
of Chis in LHCI 


We identified 75 cofactors in the four Lhca sub- 
units: 45 Chls a, 12 Chls b, four BCRs, five Luts, 
four Vios, three PGs, and two MGDGs (Fig. 1B, 
figs. S9 and S10, and tables S2 and S4). The num- 
bers of Chls b and carotenoids assigned are very 
similar to those determined chemically (table 
83), which gives rise to a Chl a/b ratio of 3.75, 
consistent with that of 3.71 from previous bio- 
chemical analysis (15). The Chls in LHCI are 


Fig. 1. Overall structure of the PSI-LHCI supercomplex from Pisum sativum 
at a resolution of 2.8 A. (A) View along the membrane normal from the stromal 
side. (B) Arrangement of pigments and other cofactors (lipids, Fe4S, clusters, 
and phylloquinones), with the view direction same as in (A). For clarity, the pro- 
tein backbones and phytol chains of Chis are omitted. (C) Side view of the PSI- 
LHCI supercomplex from the LHCI side, with the phytol chains of Chis omitted. 
Color codes for all panels: PS/ core subunits: pink, PsaA; gray, PsaB; light blue, 
PsaC; khaki, PsaD; light green, PsaE; orange, PsaF; blue, PsaG and Psak; red, PsaH; 
purple, Psal and PsaJ; green, PsaL. Lhca proteins: green, Lhcal; cyan, Lhca2; magenta, 
Lhca3; yellow, Lhca4. Cofactors: green, Chis a of PSI core complex; yellow, Chls a 
of LHCI; magenta, Chls b of LHCI; blue, carotenoids; black, lipids; red, cofactors of 
the electron transfer chain (Chls a, phylloquinones, and Fe,4S, clusters). 
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distributed into two layers, one close to the 
stromal and the other one close to the lumenal 
surface (Fig. 4). The stromal-side Chl layer con- 
tains 36 Chls (29 Chls a and 7 Chls b) with an 
average Mg-to-Mg distance of 11.3 A (Fig. 4B). 
The lumenal-side Chl layer has a less dense pack- 
ing composed of 16 Chls a and 5 Chls b, which 
are separated into two clusters in each Lhca 
(Fig. 4C) with an average Mg-to-Mg distance 
of 10.6 A within each cluster and 19.7 A between 
the clusters. The shortest distance between the 
stromal- and lumenal-side layers is 11.6 A, from 
Chl a607 to Chl a619 in Lhca3. 

In comparison with LHCII, there are unique 
Chls found in LHCI with either different orienta- 
tions or positions, most of which are located at 
the gap region between LHCI and the PSI core, 
or in connecting regions between adjacent Lhcas 
(Fig. 4, fig. S8, C and D, and table S4). Among them, 
Chls 601 in Lheal, Lhca2, and Lhca4 have sim- 
ilar Q, and Q, transition dipole moments (Fig. 2, 
F and G, and table S4), but different from the 
ones in LHCII. Chl a607 in Lhca3 is unusual be- 
cause other Lhcas bind Chl b at this site, and it is 
also closer to the PSI core than is Chl b607, which 
suggests that Chl a607 may promote energy 
transfer from Lhca3 to the PSI core. In addition, 
Chl a616 in Lheal, Chl a617 in Lhcea3 and Lhea4, 
Chl b618 in Lhca2 and Lhca4, and Chl a619 in 
Lhca4 were not found in LHCII (Fig. 2, F and G, 
Fig. 4, fig. S8, C and D, and table S4). 


Among the 12 Chls b in LHCI, two (b601, b607) 
are bound to Lhcal, five (b601, b606, b607, b608, 
and b618) to Lhca2, one (b608) to Lhca3, and four 
(b606, b607, b608, and b618) to Lhca4 (Fig. 4). 
The uneven distribution of Chl b indicates that 
Lhca2 and Lhca4 have a higher affinity for Chl b 
than do Lhcal and Lhca3, in agreement with 
results from in vitro reconstitution experiments 
(16, 17). Nearly all Chls b are located in helix C 
or the N-terminal loop, both of which form the 
interfacial regions of two adjacent Lhca proteins 
(Figs. 1 and 4), which suggests that they may be 
important in mediating energy transfer and/or 
interactions between adjacent Lhca subunits. 

A striking feature of Lhcas is the presence of 
red forms of several Chls a that are important 
for energy transfer and trapping in the whole 
PSI complex (78), through which most of har- 
vested energy is transferred to the reaction center 
with high efficiencies (19-21). The a603-a609 
dimers in each Lhca (Fig. 5) have a close distance 
and some overlap between their C and E rings, 
reflecting their nature as red Chls. All four Chl 
603-609 dimers are bound at the inside of LHCI, 
with their phytol tails protruding into the gap 
region between LHCI and the PSI core, in good 
agreement with their roles of mediating energy 
transfer from LHCI to the PSI core. The inter- 
actions between the PSI core and LHCI may af- 
fect the conformation of the red dimers, especially 
through the interactions with the hydrophobic 
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phytol tails (22), which agrees with the enhance- 
ment of the red forms in LHCI upon its binding 
to the PSI core (23). In Lhcal and Lhca2, the 
central ligand of Chl a603 is His (Fig. 5, A and 


B, and table S4), whereas it is Asn in Lhca3 and 
Lhca4: (Fig. 5, C and D, and table $4). Chl a603 
is connected with a609 by the His or Asn res- 
idue through hydrogen bonds, and Chl a609 is 


further hydrogen-bonded with an Arg residue 
(Fig. 5). The multiple interactions of Chl a609 
suggest that its porphyrin head is more stable 
geometrically than Chl a603, implying that Chl 


Fig. 2. Comparison of the structures of 4 Lhca subunits. (A) Superposition 
of the four Lhca subunits (Lhcal to Lhca4), with side views from the Lhcas' 
side. (B) The same as (A) with the view rotated by 180° from the PSI core side 
toward the LHCI. (C to E) Enlarged views of the boxed areas in (A) and (B), 
corresponding to the AC loop (C), BC loop (D), and N-terminal region (E), 
respectively. (F and G) Superposition of the pigments from the four Lhca 
subunits, with the structure of the Lhcal apoprotein shown in gray. Chls 601, 
616, 617, 618, and 619 that associate differently in different Lhca subunits are 
labeled. View directions are the same as (A) and (B), respectively. The color 
codes for the four Lhca subunits are the same as in Fig. 1, and those of 
pigments the same as the Lhca subunits they are associated with. 


Fig. 3. Interactions between adjacent Lhca subunits. (A to C) Side view, from LHC! to the PSI core side, of interactions between Lhcal and Lhca4, 
between Lhca4 and Lhca2, and between Lhca2 and Lhca3, respectively. (D to F) Views of (A) to (C), respectively, from the PSI core to the LHCI side. 


Carotenoids bridging two adjacent Lhca subunits are shown as blue sticks. Adjacent TM helices are 


represents helix A of Lhcal. 
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abeled by Lhca number and TM helix name; thus, 1A 
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a603 may be more likely to undergo confor- 
mational modulation. This suggests a functional 
difference between the individual Chls in the 
red dimer. 


Arrangement and function 
of carotenoids in LHCI 


Our structure reveals that each Lhca binds three 
carotenoids (one Lut, one Vio, and one BCR) at 
three sites (L1, L2, and NI, respectively), and an- 
other lutein (Lut624) is bound between Lhcal 
and Lhca4, giving rise to a total of 13 carotenoids 
in the four Lheas (Fig. 1B, Fig. 4, fig. S9, and table 
$4). Lut620 (L1 site) and Vio621 (L2 site) are in 
all-trans configurations and are located in the 
two elongated grooves on the two sides of helices 
A and B. The third carotenoid is an all-trans 
B-carotene, BCR623, located at the N1 site. The 
presence of these three kinds of carotenoids is 
consistent with previous and present biochem- 
ical analysis (15, 16, 24, 25) (table S3), and the 
Lhcas do not bind any carotenoids at the V1 
site found in LHCII (although the V1 site may 
be partially occupied by a BCR from an adjacent 
Lhca). Among the three carotenoid-binding sites 
of Lhca, the LI site is conserved also in LHCII 
and CP29 (fig. S8, C and D, and table S4), where 
it has been suggested to function as a nonphoto- 
chemical quencher to promote energy dissipation 
from the nearby, lowest excited energy-bearing 
Chl a610-a611-a612 cluster in both major (26) and 
minor LHCIIs (27). We observed the same orient- 
ation of Lut620 and the surrounding Chl a610- 
a611-a612 cluster in Lhcas; however, because 
the Chl a610-a611-a612 cluster is not the site 
with the lowest energy level in LHCI (the 
lowest energy level is located in the red Chls), 
the efficiency of quenching through this pathway 
would be lower in LHCI than that in LHCIIs. 
The occupancy of the L2 site is variable de- 
pending on different proteins (i-e., Lut in LHCII, 
Vio in minor LHCIIs and LHC) (table $4). Vio 
in LHCIs may be changed to zeaxanthin (Zea) by 
Vio de-epoxidase, which is important for photo- 
protection by quenching the 'Chl* states (28-30). 
In LHCTI, in vivo studies also suggested the pos- 
sible conversion of Vio to Zea (317-33), and indeed 
a Zea-dependent quenching of the excitation 
energy in LHCI has been observed recently (33). 
However, the extent and role of the xanthophyll 
cycle in PSI are not clear, and the de-epoxidation 
of LHCI may depend on affinities of the Vio 
binding sites, as well as the interaction between 
LHCI and the PSI core. Our structure revealed 
possible functional differences between the L2 
sites of different Lhcas, as the Chls (a/b606, a/ 
b607) surrounding this site are involved in a 
different hydrogen-bond network. In Lhca2 and 
Lhca4, the central ligand for both Chl b606 
and Chl b607 is water (Fig. 5, B, D, F, and H), 
and the C7-formyl group of Chl b606 forms a 
hydrogen bond to the coordinated water of Chl 
b607, similar to the arrangement seen in LHCII 
and CP29. On the other hand, the central ligand 
of Chl a/b607 is Gln?” in Lhcal (Fig. 5, A and E) 
and Val'** in Lhca3 (Fig. 5, C and G), neither of 
which forms hydrogen bonds with Chl a606. 
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Furthermore, a Glu residue located at helix C 
close to the lumenal side in all Lhcas and CP29 
interacts with both Chl 607 and/or Chl 606 by 
hydrogen bonds (Fig. 5). The differences in their 
coordination pattern may suggest a different 
role of these pigments in energy absorption or 
quenching. 


Structure of the PSI core 

The PSI core contains 98 Chls a, 22 BCRs, five lip- 
ids (three PGs, one MGDG, and one DGDG), three 
Fe,S, clusters, and two phylloquinones (Fig. 1B, 
fig. S10, and tables S2 and S5). Of the 22 BCRs, 
17 have an all-trans configuration and 5 contain 


one or two cis bonds (two 9-cis, one 9,9*-cis, one 
9,13°-cis, and one 13-cis) (table S5). Most of the 
BCRs were located in the same position as those 
observed in the cyanobacterial PSI, and the cis and 
trans conformations of carotenoids are identical in 
the cyanobacterial and plant PSI cores (table S5), 
indicating that they have been conserved over 
1.5 billion years of evolution. However, several 
changes were observed in the position of carote- 
noids between the two species. BCR4022, bound 
at the outside of TM helices PsaL-e, PsaL-g, and 
Psal in the cyanobacterial PSI core, is not present 
in the plant PSI core; this may be related to the 
distinctly different environment of PsaI between 


Fig. 4. Arrangements of pigments within LHCI. (A and D) Side view, from the LHCI side, of the 
overall arrangement of pigments in the four Lhcas. (B and C) View of the pigment arrangements along the 
membrane normal from the stromal and lumenal sides, respectively [view directions indicated by arrow- 
heads in (A)]. In (A) to (C), Chis a and Chls b are represented by gray and orange spheres, respectively, at 
the positions of their Mg** ions, with Mg-to-Mg distances of adjacent Chls given in A. The numbers of Chis 
are labeled with the last one or two digits. Lhca subunits are depicted in the same colors as in Fig. 1, and 
carotenoids are depicted in the same color as the Lhca subunits they are associated with. In (D), the three 
carotenoid binding sites Ll (Lut620), L2 (Vio621), and Nl (BCR623) are shown in green, yellow, and 
magenta, respectively. Lut624 in the L3 site of Lhca4 is shown in light blue. 
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cyanobacterial and plant PSIs, as Psal is located 
at the monomer-monomer interface between 
the subunits of the cyanobacterial trimer. On the 
other hand, PsaL bound an additional BCR4025 
at the outside of TM helices PsaL-d and PsaL-g 
(Fig. 1, A and B) toward the suggested LHCII 
binding site (34). Two BCRs present in the cyano- 
bacterial PSI core, BCR4015 (located between TM 
helices of PsaF and PsaJ) and BCR4021 (bound 
to PsaM), were also not present in the plant PSI 
core, whereas PsaG and PsaK bound two ad- 
ditional BCRs, BCR4023 and BCR4024, respec- 
tively (Fig. 1, A and B, and fig. S11, A and C). 


These discrepancies may imply possible functional 
differences of BCRs between plant and cyanobac- 
terial PSI cores. 

Notable differences were found in the struc- 
tures of PsaG, PsaK, and PsaH between our 
results and previous structures (5-7) (fig. S11). 
In our structure, the direction of the PsaG poly- 
peptide was reversed, resulting in a completely 
reversed location of the two TM helices PsaG-a 
and PsaG-b (fig. S11, A and B). A short helix was 
found between PsaG-a and PsaG-b, and a large 
extramembrane loop in the lumenal side found 
in the previous structure was not found in our 


structure. PsaG-a has extensive interactions with 
Lhcal that may contribute to stabilizing the super- 
complex, whereas PsaG-b has interactions with 
PsaB, and the C-terminal region of PsaG has in- 
teractions with both PsaB and Lhcal (fig. S12D). 
Two Chls a, one BCR, and one MGDG were found 
in PsaG, whereas the previous structure revealed 
only one Chl a (fig. S11, A and B). 

Previously, the structure of PsaK from cyano- 
bacteria could only be built partially with its TM 
helices as polyalanines (3). In our structure, all 
of the TM residues together with three Chls a 
and one BCR were built unambiguously, although 


Vio621 
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Fig. 5. Local environments of the red Chl a603- 
a609 dimers in LHCI. (A to D) The Chl a603- 
a609 dimers in the four Lhca subunits with their 
surrounding TM helices and other cofactors. View 
is along the membrane normal from the stromal 
side. (E to H) Side views of (A) to (D), respectively, 
from the PSI core side to the LHC! side. Bonds to 
the central Mg** ligands, hydrogen bonds, and 
ionic bonds are depicted as dashed lines. Color 
codes for Lhcas are the same as in Fig. 1; other 
color codes used: red, Chl a603-a609 dimers; yel- 
low, other Chis a; magenta, Chis b; red spheres, 
water molecules; pink, MGDG. 
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the loop region connecting the two helices could 
not be built because of the relatively poor elec- 
tron density around this region (fig. S11C). Al- 
though the structure of helix PsaK-a was similar 
to that reported previously for plant PSI (6, 7), 
the locations of PsaK-b, together with Chls, were 
completely different, and no BCR was found in 
PsaK in the previous structure (6, 7) (fig. SIID). 
Because the sequences of plant PsaK and PsaG 
are similar to that of cyanobacterial PsaK, PsaG 
has been suggested to arise from PsaK via gene 
duplication (35). Our structure shows that PsakK 
indeed has a structure similar to that of PsaG 
(fig. S11, E and F), which suggests that they 
may have similar functions. Because both sub- 
units are required to enable energy transfer from 


Bcr4009 


LHCI to the PSI core, the common structural 
features may reflect the prerequisites for such 
functions. 

The structure of PsaH differs from the previous 
model (6, 7), especially in the N-terminal region 
(fig. S11G). In our structure, PsaH extensively in- 
teracts with PsaL as well as PsaD and PsaB in the 
stromal side. On the lumenal side, PsaH interacts 
with PsaB, Psal, and PsaL (fig. S11, H and I). The 
interactions with PsaB, PsaD, PsaI, and PsaL are 
in agreement with previous cross-linking results 
(36) and also explain PsaH’s function in stabiliz- 
ing PSI (37). The interaction with PsaD may ex- 
plain why PsaH is essential for efficient electron 
transfer in PSI (37) because PsaC, PsaD, and PsaE 
form the docking site for ferredoxin (38) and 


PsaC carries the terminal Fe,S, clusters. These 
structural features illustrate the importance of 
PsaH in stabilizing the PSI monomer and main- 
taining the function of plant PSI. 


Interactions and possible energy transfer 
pathways between LHCI and the PSI core 


Our structure reveals extensive and specific 
protein-protein and pigment-pigment interac- 
tions between each Lhca and PSI core subunits 
(Fig. 1, A and B, and fig. S12). At the stromal side, 
the region between the N-terminal loop and 
the beginning of helix B in Lhcal, Lhca2, and 
Lhca4 interacts with PsaB-Pro*" and several 
cofactors, the N-terminal region of PsaJ, and the 
region around Phe”””-Asn?” of PsaF, respectively, 


Fig. 6. Plausible energy transfer pathways from LHCI to the PSI core. 
(A) Overall location of pigments involved in energy transfer from LHC! to 
the PSI core, with eye symbols and arrowheads indicating view directions 
shown in the following panels. (B) Stromal-side energy transfer pathway 
1Bs from Lhcal to PSI core. (©) Lumenal-side pathway 1Fl from Lhcal to 
PSI core. (D) Pathways 2Js and 2JI from Lhca2 to PSI core. (E) Pathways 
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3As and 3Al from Lhca3 to PSI core. View directions are from the stromal 
side for (A) and perpendicular to the membrane normal for (B) to (E), 
respectively. The nomenclature of the core subunits follows the cyano- 
bacterial one (3). Color codes: blue, Chis a in PSI core; red, Chl a603-a609 
dimers; purple, Chl a617 and Lut624 in Lhca4; orange, other Chls close to 
PSI core; cyan, carotenoids. 
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whereas Gln®” in helix F and residues Pro” to 
Ile®’ at the N-terminal loop of Lhca3 interact 
with several regions of PsaA (fig. S12, B to E). In 
addition, BCR623 and helix C at the peripheral 
region of Lhcal interact with MGDG and TM 
helix PsaG-a (fig. S12D), and residues Ile’, 
Leu”, Val?“ Leu, and Chl a607 at the 
peripheral region of Lhca3 interact with PsaA 
at the lumenal side (fig. S12, E and F). 

Examination of nearest-neighbor relationships 
between pigments revealed a number of possi- 
ble energy transfer pathways from Lhcas to the 
PSI core (table S6), among which four appear to 
be most plausible; these were designated 1Bs, 1FI, 
2Js, and 3As/3Al (according to Lhca number, PSI 
core subunit, and stromal or lumenal side) (Fig. 
6 and table S6). The 1Bs pathway indicates pos- 
sible energy transfer from the Chl dimer a603-a609 
of Lhcal to three Chls (a1218, a1219, and a1802) of 
PsaB at the stromal side, with the shortest edge- 
to-edge distance of 7.5 A (Fig. 6, A and B). Chl 
a616 of Lhcal may also guide energy to Chl a1701 
of PsaF at the lumenal side, providing the 1F1 
pathway (Fig. 6, A and C). Because of the large 
gap between Lhca4 and the PSI core, a direct 
energy transfer from Lhca4: to the PSI core would 
be difficult, and Lhca4: may guide its energy to the 
PSI core via its red forms Chl a603-a609 through 
the 1Fl pathway. Chl a603 of Lhca2 is slightly 
distant to accomplish a direct energy transfer to 
Chl a1302 of PsaJ (Fig. 6, A and D), which 
suggests that the 2Js pathway may not be highly 
efficient. The Chl trimer (a603-a609-a619) of 
Lhca3 is close to Chl a1108 and the al110-a1118 
dimer of PsaA at the stromal side, forming the 
3As pathway (Fig. 6, A and E). Because of the 
strong coupling between Chl a1110-a1118, this 
pathway suggests energy transfer from red forms 
of Lhca3 to this Chl pair in the PSI core. At the 
lumenal side, Chl a607 of Lhca3 is close to another 
Chl a1112-a1114: dimer of PsaA, providing the 3Al 
pathway (Fig. 6, A and E). In addition, Chls a613 
and a614: of Lhca3 are close to Chl a1002 of PsakK 
(3K pathway), which may also facilitate energy 
transfer from Lhca3 to the PSI core. 
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T CELL METABOLISM 


The protein LEM promotes CD8° T 
cell immunity through effects on 
mitochondrial respiration 


Isobel Okoye,’* Lihui Wang,’* Katharina Pallmer,”}{ Kirsten Richter,”+ 
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Protective CD8* T cell-mediated immunity requires a massive expansion in cell number 
and the development of long-lived memory cells. Using forward genetics in mice, we 
identified an orphan protein named lymphocyte expansion molecule (LEM) that promoted 
antigen-dependent CD8* T cell proliferation, effector function, and memory cell generation 
in response to infection with lymphocytic choriomeningitis virus. Generation of LEM- 
deficient mice confirmed these results. Through interaction with CR6 interacting factor 
(CRIF1), LEM controlled the levels of oxidative phosphorylation (OXPHOS) complexes and 
respiration, resulting in the production of pro-proliferative mitochondrial reactive oxygen 
species (mROS). LEM provides a link between immune activation and the expansion of 
protective CD8* T cells driven by OXPHOS and represents a pathway for the restoration of 
long-term protective immunity based on metabolically modified cytotoxic CD8* T cells. 


ytotoxic CD8* T cells (CTLs) are a central 
arm of the immune system responsible for 
protection from intracellular viruses and 
cancer because they kill infected or trans- 
formed cells (7). Because chronic virus in- 
fection (2) and cancer (3) are widespread diseases, 
it is clear that CTL immunity often fails. A major 
reason for this failure is that high viral (4, 5) or 
tumor (6-8) load results in either deletion or 
functional inactivation (known as immune ex- 
haustion) of CTLs. The result is failure in both 
short-term CTL immunity and immunological 
memory because memory CD8 T cell develop- 


ment is blocked (9). Impaired expansion is an 
important cause of deletion and immune ex- 
haustion and results in failure to produce suf- 
ficient numbers of protective CTLs and memory 
cells (5). 


Retro mutant mice have increased 

immunity to chronic viral infection 

Infection of wild-type C57BL/6 mice with the 
clone 13 variant of lymphocytic choriomeningitis 
virus (LCMV C13) is an established model for 
human chronic viral infection resulting in a massive 
viral load that causes both deletion and immune 
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exhaustion of CTLs and a block in memory CD8& 
T cell development (JO). 

We examined the CTL response to LCMV C13 
infection after germline mutagenesis to identify 
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mutants with enhanced immunity. To this end, 
430 third-generation (G3) ethyl-N-nitrosourea 
(ENU)-induced germline mutants were produced 
in a C57BL/6J background (11). G3 mice were in- 
fected with LCMV C13, and after 8 days the level 
of LCMV-specific CD8 T cells was measured in the 
spleen by staining with a tetramer for the np396 
LCMV peptide and by flow cytometry (12). Three 
independent germline transmissible modifica- 
tions, which resulted in increased levels of 
LCMV-specific CD8 T cells, were isolated, of which 
one (a semidominant) was bred to homozygosity 
(fig. SIA). We named this strain Retro. 
Homozygous Retro mutant mice showed a 10- 
fold increase in CD8 T cells specific for LCMV 
np396 peptide compared with wild-type (WT) 
and a smaller but significant increase in the num- 
ber of CTLs specific for the gp33-LCMV peptide 
(Fig. 1, A and B). Compared with WT mice, a 


smaller percentage of Retro mutant CTLs ex- 
pressed the programmed cell death-1 (PD-1) im- 
mune exhaustion marker (5) (Fig. 1C). However, 
Retro mutant mice still harbored increased num- 
bers of PD-1* np396* CD8* cells compared with 
WT (Fig. 1D). In addition, Retro mutant CTLs 
exhibited increased functionality: There was in- 
creased CTL activity in ex vivo killing exper- 
iments (Fig. 1E), increased exocytosis of cytotoxic 
granules (11) (Fig. 1F), and increased production 
of the cytokine interferon (IFN)-y (fig. S1B). The 
increase in CTL immunity resulted in a 10°-fold 
decrease in LCMV C13 titer in the spleens of Retro 
mutant mice on day 8 after infection compared 
with WT (Fig. 1G). The increase in CTL activity 
was a function of cell number (fig. SIC). 

All Retro mutant mice succumbed to LCMV 
C13 infection after 14 days, whereas all WT mice 
had survived (Fig. 1H). Retro mutant death is 
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Fig. 1. Retro mutant mice exhibit enhanced CD8 T cell responses to 
chronic LCMV infection. (A) Flow cytometry on spleen cells from day 8 
post infection (p.i.) with LCMV C13 of WT and Retro homozygous mutant (R) 
mice. Staining with tetramers, refolded with either np396 or gp33 peptides, 
and PD-1 is shown (percentage next to gate) on CD8* gated cells. (B) 
Number of tetramer* CD8* splenocytes on day 8 p.i. (C) Percentage of PD-1* 
of tetramer* CD8* splenocytes on day 8 p.i. (D) Number of PD-1* tetramer* 
CD8* splenocytes on day 8 p.i. (E) Percentage of specific CTL lysis from Cro! 
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release assays for splenocytes on day 8 p.i. (F) Number of CD107a* CD8* 
splenocytes on day 8 p.i. (G) Titer of LCMV C13 in the spleen on day 8 p.i. (H) 
Kaplan-Meier survival graph after LCMV C13 infection. (I) Percentage of BrdU* 
of np396* CD8* splenocytes on day 8 p.i. Mean + SEM; N = 6 to 12 mice. 
***P < 0.0001; **P < 0.0005; *P < 0.001. Two-tailed Student's t tests were 
used for all, except that Gehan-Breslow-Wilcoxon tests were used for sur- 
vival curves. Each data set is representative of at least three individual 
experiments. 
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presumably a consequence of elevated CTL- 
mediated cytolysis resulting in the fatal loss of 
vascular integrity (13). Despite an increase in ac- 
tivated phenotype T cells (fig. S2), viability, blood 
development, and autoimmunity in Retro mutant 
mice was normal (fig. S3 and tables S1 to $3). 
In vivo bromodeoxyuridine (BrdU) labeling in- 
dicated that np396* CD8* cells underwent in- 
creased proliferation after LCMV C13 infection of 


> 


Retro mutant mice (Fig. 11). The increased num- 
ber of antigen-specific CD8 T cells in LCMV C13- 
infected Retro mutant mice is likely due to 
increased proliferation of these cells. 

Adoptive transfer of Retro mutant CD8 T cells (74) 
showed that the phenotype of increased CTL im- 
munity resides in the CD8 T cell compartment (fig. 
S4, A to D). The phenotype of Retro mutant mice 
also extended to antitumor responses. After chal- 


oO 


lenge with B16 F10 melanoma cells, Retro mutant 
mice harbored three times as many CTLs (Fig. 2A) 
and one-fourth as many tumors (Fig. 2, B and C). 


Retro mutant mice have increased 
memory T cell development 


After acute infection of Retro mutant mice with 
LCMV Armstrong, there was an increase in the 
clonal burst size of both np396* CD8* and gp33* 
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Fig. 2. Retro improves immunity against tumors and acute viral infections. Mice were injected intravenously with B16 Fl10 melanoma cells. (A) Percentage 
of CD3* CD8* CD44" cells from lungs, day 35 p.i. (B) Foci of melanomas in the lung on day 35 p.i. (C) Number of melanomas per lung on day 35 p.i. Mice were 
infected with LCMV Armstrong. (D) Mean percentage of (left) np396* and (right) go33* CD8* peripheral blood leukocytes (PBL). Mean + SEM; N = 6 to 10 


mice; ***P < 0.0001. Two-tailed Student's t tests were used for all. Each data set is representative of at least three individual experiments. 
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Fig. 3. Retro mutation identifies LEM. BCO55111"”" and BCO55111"”“" 
mice were infected with LCMV C13. (A) Western blot on CTLs for BCO55111 
(49 kD) on total CD8 T cells from the spleen on day 4 p.i. (B) Bar graph of 
BCO55111 signal strength from (A). BCO55111”" and BCO55111"”"" mice 
were infected with LCMV C13. (C) Number of np396* CD8* splenocytes on 
day 8 p.i. (D) LCMV titer in the spleen on day 8 p.i. (E) Percentage of specific 
CTL lysis from Cr°“release assays for splenocytes on day 8 p.i. (F) Bar graph 
for mean Lem mRNA in total CD8 T cells from the spleens of WT or R mice 
after infection with LCMV C13. Level of mRNA normalized to the t = O WT 
level. (G) Bar graphs for mean Lem mRNA in CD8 Tcells cultured for 3 days in 
cytokines, then incubated with actinomycin D or emitine. Level of mRNA 
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normalized to the t = O WT level. [(A) to (G)] Mean + SEM; N = 6 mice. Each 
data set is representative of at least three individual experiments. (H) Bar 
graphs for mean relative Lem or Gapdh mRNA from two independent im- 
munoprecipitation experiments performed on N = 2 mice each time. MRNA 
levels are relative to WT and are from CD8 T cells cultured for 3 days in 
cytokines. (1) Western blot for SF2 (27 kD) after immunoprecipitation in (H). 
(J) Mean number of green fluorescent protein—positive (GFP*) CTLL-2 cells 
cultured in IL-2 (N = 4 wells) from three independent transductions with 
MIGR1 alone (V-black), or MIGR1 encoded Lem ORF (WT, blue sequence; 
R, red sequence). ***P < 0.005; **P < 0.01; *P < 0.05. Two-tailed Student’s 
t tests were used. 
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CD8* cells (Fig. 2D) compared with WT. Longitu- 
dinal analysis in the blood revealed a correspond- 
ing increase in the number of LCMV-specific 
CD8 T cells during the memory phase in Retro 
mutant mice (15). After 70 days, there was a 
fourfold increase in the number of LCMV-specific 
central memory T CD8 cells (Tcm) in the spleen 
as identified by the CD62L* CD127* CD8* cell sur- 
face phenotype (J6) (fig. S4, E and F). 

We boosted mice with a second dose of LCMV 
Armstrong and measured the expansion of sec- 
ondary CTLs during the memory response. The 
numbers of secondary CTLs were about 10 times 
as high compared with WT (fig. $4, G and H), 
indicating that Retro mutant mice have an en- 
hanced memory phenotype. During acute immune 
responses the pool of CTLs contains not only short- 
lived effectors but also memory cell precursors 
(7, 18). The increase in the total number of 
CD8 T cells resulted in an increase in the number 
and percentage of both memory cell precursors 
and short-lived effectors in Retro mutants compared 
with WT (fig. S5). Therefore, the Retro mutation 
increases the level of both primary short-lived 
effectors and Tcm by facilitating a global increase 
in the expansion of antigen-activated CD8 T cells. 


The Retro mutation identifies 
lymphocyte expansion molecule 


We used high-throughput exome sequencing (19) 
to identify the Retro mutation. Comparison with 
the reference C57BL/6J genome identified several 
homozygous single-nucleotide variants (SNV) in 
homozygous Retro mutant mice (fig. S6A). Upon re- 
sequencing and comparison with the Charles River 
substrain of C57BL/6J used for our ENU muta- 
genesis, four homozygous SNVs were identified 
as being associated with Retro homozygous mutant 
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mice. Only one homozygous SNV correlated with 
the Retro homozygous phenotype (fig. S6B). This was 
an A to G transition of nucleotide 1304 (A1304G) 
in exon 2 of the BC055111 gene on chromosome 4 
(fig. S7A). BCO55111 encodes an orphan protein with 
no substantial homology to any other mouse 
protein (BLASTP, E value > 0.38). The BCossz°"”” 
allele (R) was semidominant for increased CTL 
immunity to LCMV C13 (fig. S7, B to D). 

We generated C57BL/6 mice with a BCO55111 
knock-out (KO) allele (20) (fig. S8). Homozy- 
gosity for the BCO55111 KO allele results in em- 
bryonic lethality, so we used heterozygous KO 
mice to validate the gene candidate (12). There 
was decreased BC055111-encoded protein in CTLs 
from heterozygous BCO55111 KO mice compared 
with WT (Fig. 3, A and B). We observed decreased 
np396* CD8* expansion (Fig. 3C), increased 
LCMV titer (Fig. 3D) and decreased CTL activ- 
ity (Fig. 3E) in BCos5111"”*° compared with 
Bcossi””" mice. Therefore, BCO55111 directly 
controls CTL immunity to LCMV. We named the 
BCOS55I11 encoded orphan protein “lymphocyte 
expansion molecule” (LEM). 


The Retro mutation stabilizes Lem mRNA 
The kinetics of Lem mRNA accumulation in Retro 
mutant CD8 T cells after LCMV C13 infection 
was increased compared with WT (Fig. 3F). The 
increased level of Lem mRNA was also observed 
when transcription was inhibited by actinomycin 
D, indicating that the Retro mutation stabilized 
Lem mRNA in CD8 T cells (Fig. 3G). 

Lem mRNA contains introns in the 3’ un- 
translated region (3'‘UTR), which may make it 
susceptible to nonsense-mediated decay (NMD) 
(21). This was confirmed when blockade of NUD 
by emetine increased the stability of wild-type 
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Lem mRNA (Fig. 3G). The Retro mutation is 
predicted to abolish an alternative splice factor/ 
splice factor 2 (ASF/SF2) binding site in Lem (12), 
which is thought to be required for NMD (22). 
Immunoprecipitation (IP) confirmed decreased 
levels of SF2 associated with Retro mutant Lem 
message (Fig. 3H) in cells with normal SF2 levels 
(Fig. 31). This suggests that the A1304G mutation 
in Retro mutant mice partially protects Lem 
mRNA from NMD, resulting in stabilization. The 
Lem open reading frame (ORF) harboring the 
Retro A1304G mutation was no better than WT 
ORF at driving interleukin-2 (IL-2)-induced pro- 
liferation of T cells (fig. S9 and Fig. 3J). There- 
fore, the increased expression of Lem rather than 
any qualitative alteration in protein activity is 
responsible for the phenotype of Retro mutant 
mice. We conclude that WT LEM is a positive 
modulator of CTL expansion that is up-regulated 
in Retro mutant mice. 


The Retro mutation increases 
LEM expression 


LEM protein was up-regulated in total CD8 T 
cells after LCMV C13 infection with Retro mutant 
mice displaying increased kinetics compared 
with WT (Fig. 4, A and B). Intracellular stain- 
ing (fig. S10) indicated that LEM expression 
was specific for activated CD8 T cells (cp44nt 
CD62L"° CD8*) and was elevated in Retro mutant 
cells (Fig. 4, C and D). LEM was up-regulated 
2 days after LCMV C13 infection despite a low 
frequency of CD8 cells expressing LCMV-specific 
T cell receptors (TCRs) (fig. SIIA and Fig. 4, A 
and C). In addition to stimulation through the 
TCR (via antibody to CD3) (Fig. 4E), treatment 
with either IL-2 (Fig. 4F) or IL-15 (Fig. 4G) resulted 
in LEM up-regulation, which was enhanced in 


F 

10 & 
% 8 & 
iL 6 iL 
= = 
= = 
Ww Lu 
a a 

0 246 <0 246 < 

Time (d) Time (d) 
© 3 
x L_ 
@2 
@ kK 
(3) 
A 1 
o 
oO 

234 °5 0 2 4 6 810 

Time (d) 


Fig. 4. The Retro mutation increases LEM expression. Mice were infected 
with LCMV C13. (A) Western blots for LEM (49 kD) on total CD8 T cells from 
the spleen. (B) Bar graph of signal strength from (A). (© to G) Mean 
fluorescence intensity (MFI) after staining with antibody to LEM in gated (C) 
CD44" CD62L'° CD8* or (D) CD44'° CD62L"™ CD8* splenocytes after 
infection with LCMV C13, or on total CD8 T cells that were activated in vitro 
with either (E) antibody to CD3/CD28, (F) IL-2, or (G) IL-15. [(A) to (G)] Mean 
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+ SEM; N = 6 mice. (H) Western blots for human LEM, 49 kD on antibody to 
CD3/CD28-activated human CD8 T cells. (1) Bar graph of signal strength 
from (H). (J) Mean number of GFP* human CD8 T cell blasts (N = 4 wells) 
after three independent transductions with MIGRI alone (V-black), or MIGR1 
encoded hLEM ORF (gray). ***P < 0.0001; **P < 0.0005; *P < 0.001. Two- 
tailed Student's t tests were used. Each data set is representative of at least 
three individual experiments. 
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Retro mutant CD8 T cells (Fig. 4, E to G). 
Therefore, LEM expression can be induced by 
bystander activation by pro-proliferative cytokines 


as well as antigen-dependent TCR signals. The 
level of LEM controlled the levels of Retro 
mutant CD8 T cells both in vivo (fig. S11, B to E) 
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Fig. 5. LEM interacts with CRIF1 to control the activity of OXPHOS proteins. WT and R mice were 
infected with LCMV C13, and on day 4 p.i. total CD8 T cells were purified. (A) Western blots directly on 
cell extracts (input) or after immunoprecipitation for LEM (LEM, 49 kD; CRIF1, 25 kD; B actin, 42 kD). (B) 
Bar graph of signal strengths from (A). (©) CIM from staining with antibodies against LEM (red) or CRIF1 
(green). Nuclei stained with 4’,6-diamidino-2-phenylindole (blue). Examples of colocalization (yellow) 
are indicated by arrows. Scale bar, 2.5 um. (D) Colocalization of LEM and CRIFl as measured by 
Pearson's correlation coefficient in multiple optical cell slices (N = 62). Mean = 0.68 + 0.11. WT mice were 
infected with LCMV C13, and on day 4 p.i. total CD8 T cells were purified. (E) Western blots directly on 
cell extracts (input) or after immunoprecipitation with LEM antibody or with control rabbit immuno- 
globulin G (MRPL23, 18 kD; ND1, 36 kD; COX1, 57 kD; ATP5A1, 60 kD). Lem”, Lem*”*®, or Lem””“K0 
mice were infected with LCMV C13, and on day 4 p.i. total CD8 T cells were purified. (F) Western blots for 
OXPHOS proteins (UQCRC2, 49 kD.) (G) Bar graph of signal strength from (F). WT and R mice were 
infected with LCMV C13, and on day 4 p.i. total CD8 T cells were purified. (H) Immunocapture-enzyme 
assays for OXPHOS complexes | and IV. (1) Bar graphs for mean specific activity (signal strength per mg 
protein) from (H). Donor CD8 T cells harboring vector alone of Crifl-AS were purified from WT recipient 
mice on day 4 p.i. with LCMV C13. (J) Immunocapture-enzyme assays for OXPHOS complexes | and IV. 
(K) Bar graphs for mean specific activity from (J). Mean + SEM; N = 6 mice. ***P < 0.005; **P < 0.01; 
*P < 0.05. Two-tailed Student's t tests were used. Each data set is representative of at least three 
individual experiments. 
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and in vitro (fig. S12). PD-1 up-regulation by Retro 
mutant CTLs was unaffected in vitro after TCR 
stimulation, suggesting that LEM does not 
directly down-regulate PD-1 expression (fig. S11, 
F and G). 


Functional equivalence of human LEM 


CIORFI177 encodes the human homolog of LEM 
(BLASTP, 72% of complete amino acid identity 
with mouse LEM; £ value = 0), which is up- 
regulated in activated human CD8 T cells (Fig. 4, 
H and J). Ectopic expression of human LEM 
resulted in about a 15-fold increase in the ex- 
pansion (Fig. 4J). Therefore, LEM can modulate 
CD8 T cell expansion in man as well as mice. 


LEM interacts with CRIF1 to control the 
activity of OXPHOS proteins 


Analysis of LEM amino acid sequence predicts 
the presence of at least two intrinsically un- 
structured (IU) protein domains (72, 23). There- 
fore, we investigated whether LEM modulates 
CD8 T cell proliferation through specific protein: 
protein interactions. Yeast two-hybrid (Y2H) anal- 
ysis identified nine different LEM-interacting pro- 
teins (24) (fig. S13). Coimmunoprecipitation (co-IP) 
with antibody to LEM (fig. S10) demonstrated that 
one target—CR6 interacting factor (CRIF1)— 
interacts with LEM in CTLs (Fig. 5, A and B). 

CRIF1 is required for the translation and in- 
sertion of oxidative phosphorylation (OXPHOS) 
polypeptides into the inner membrane of mito- 
chondria after they emerge from the 39S subunit 
of the mitoribosomes (25). Confocal immuno- 
fluorescence microscopy (CIM) revealed that LEM 
colocalizes with CRIF1 in CTLs (Fig. 5, C and D, 
and fig. S14). Both LEM and CRIFI were localized 
to mitochondria by costaining with the mito- 
tracker red dye (figs. S15 and S16). Co-IP localized 
LEM to the mitoribosome by revealing an asso- 
ciation with the 39S subunit protein MRPL23 
and several OXPHOS proteins such as NADH ubi- 
quinone oxidoreductase chain 1 (ND1), ubiquninol 
cytochrome c oxidoreductase chain 2 (UQCRC2), 
and cytochrome c oxidoreductase chain 1 (COX1) 
(25) (Fig. 5E). The OXPHOS protein adenosine 
triphosphate (ATP) synthase o subunit 1 (ATP5A1) 
does not require CRIF1 for translation and did not 
coimmunoprecipitate, suggesting that interaction 
of LEM with OXPHOS proteins is via CRIF1. 
Through its interaction with CRIF, LEM is part 
of a complex that mediates the translation and 
insertion of OXPHOS proteins into the mito- 
chondrial inner membrane. 

Retro mutant CTLs harbored increased levels, 
and heterozygous LEM KO CTLs reduced levels 
of OXPHOS proteins (Fig. 5, F and G). Immuno- 
capture confirmed that the specific activities of 
OXPHOS complexes were elevated in Retro mu- 
tant CTLs (Fig. 5, H and I), although LEM did not 
affect the expression of Oxphos genes or the num- 
ber or mass of mitochondria (fig. S17, A to C). 
Therefore, LEM controlled the activity of OXPHOS 
complexes by most likely facilitating the produc- 
tion of subunit proteins. 

As was observed in CRIF1 KO cells (25), when 
we knocked down Crif] mRNA (fig. S18, A to C), 
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Fig. 6. LEM controls production of 
mitogenic mROS. Lem", Lem’”®, 
or Lem“”™“*° mice were infected with 
LCMV C13, and on day 4 p.i. total 
CD8 T cells were purified from the 
spleen. (A and B) Oxygen consump- 
tion rate (OCR) after sequential 
injection of oligomycin, FCCP, and 
antimycin A/rotenone. (C) Lem”, 
Lem®’®, or Lem””*° mice were 
infected with LCMV C13, then on 
day 8 p.i. np 396* CD8* splenocytes 
were gated, then the MFI of MitoSOX 0 
red staining was determined. R mice 
were infected with LCMV C13, then 
over the course of 8 days were 
injected with MnTBAP or not. Gated 
np 396* CD8* splenocytes were 
examined on day 8 p.i. for (D) 
MitoSOX red staining and (E) % 
BrdU-positive cells. In the same 
spleens: (F) Number of tetramer- 
positive cells and (G) Titer of LCMV. 
Mean + SEM. For (A) to (F), N= 6 
mice, and for (G), N = 9 mice. ***P < 
0.001; **P < 0.005; *P < 0.01. Two- 
tailed Student's t tests were used. 
Each data set is representative of at 
least three individual experiments. 


OXPHOS-specific activity was reduced (Fig. 5, J 
and K). Knock-down of Crif1 message in Retro 
mutant CTLs also abolished the increases in 
OXPHOS activity due to LEM up-regulation. We 
conclude that LEM interaction with CRIF1 within 
mitochondria determines OXPHOS activity. 

CRIF1 is required for cell proliferation during 
embryo development (26). Crif7 message knock- 
down resulted in the impaired proliferation and 
expansion of anti-LCMV CTLs (fig. S18, D and E). 
The increase in CTL expansion caused by LEM 
up-regulation required CRIF1 expression because 
Crif1 message knock-down diminished the in- 
creased expansion of Retro mutant CTLs. We 
conclude that LEM requires interaction with 
CRIF1 to drive the expansion of CTLs. 


LEM is a positive modulator of 
mitochondrial ROS—driven proliferation 


We examined the consequences of LEM control 
of OXPHOS activity on CTL metabolism and ex- 
pansion. Oxygen consumption studies demon- 
strated that Retro mutant CTLs had significantly 
higher respiratory levels compared with WT 
(Fig. 6A) (27), but glycolysis was not increased 
(fig. S17D). Conversely, respiratory activity (Fig. 6B) 
of LEM heterozygous KO CTLs, but not glycolysis 
(fig. SI7E), was decreased. 

OXPHOS results in the production of ROS 
through stepwise reduction of O, (27). The mod- 
ulation of OXPHOS by LEM resulted in altered 
production of mROS. Staining with the redox- 
sensitive dye MitoSOX red revealed that com- 
pared with WT, Retro mutant CTLs had increased 
levels of mROS and LEM heterozygous KO CTLs 
had decreased mROS (Fig. 6C). The production 


1000 _ = 29 MAY 2015 + VOL 348 ISSUE 6238 


FCCP pntA B 
{ 0 
Oligo A we eK, 

7 ik : 
£ 
=} 
= 
ow 
oO 
Oo 

50 100 150 
Time (min) 

D E 

= 60 — 
6 + e 

2 2 40] 

AS el e 

D 20) 

2 

= 


of mROS is required for the activation and ex- 
pansion of T lymphocytes (27). Injection of Retro 
mutant mice with the antioxidant MnTBAP (28) 
reduced the level of mROS in CTLs (Fig. 6D), 
resulting in decreased proliferation (Fig. 6E) and 
expansion of CTLs (Fig. 6F) with a corresponding 
increase in LCMV C13 titer (Fig. 6G). We con- 
clude that mROS resulting from OXPHOS activ- 
ity drives expansion and CTL immunity in Retro 
mutant mice. 

We have used unbiased forward genetics to 
discover LEM at the heart of a pathway that, 
when up-regulated, not only restores CTL im- 
munity to chronic viral infection and tumor 
challenge but also increases memory cell devel- 
opment. Although other molecular interventions 
either restore primary CTL immunity (5) or di- 
vert development toward the memory lineage 
(29), the LEM pathway is important because it 
controls the expansion of both short-term effec- 
tors and memory cells (9). Up-regulation of LEM 
in Retro mutant mice increased both the overall 
number of CTLs and also the number of PD-1* 
CTLs. Therefore, LEM therapy has the potential 
both to globally expand CTLs and to increase the 
number of PD-1* CTLs available for derepression 
by antibodies to PD-1 (8). 

At the peptide tunnel exit of 39S mitoribo- 
somes, LEM is likely recruited by CRIF1 to fa- 
cilitate the insertion of OXPHOS polypeptides 
into the inner mitochondrial membrane, thereby 
controlling OXPHOS activity (25) (fig. S19). We 
propose that CTL expansion and memory cell 
development are controlled by mROS produced 
after the up-regulation of LEM upon immune 
activation (27, 30) 
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INORGANIC CHEMISTRY 


Synthesis and characterization of 
P,N3 : An aromatic ion composed of 
phosphorus and nitrogen 


Alexandra Velian and Christopher C. Cummins* 


Aromaticity is predominantly associated with carbon-rich compounds but can also occur in 
all-inorganic ones. We report the synthesis of the diphosphatriazolate anion, a rare example 
of a planar aromatic inorganic species. Treatment of azide (N3 ) in tetrahydrofuran 
solution with P2Az (A = Cy4Hi9), a source of Pz, produced P2N3 , which we isolated as its 
[Na-kryptofix-221]* salt in 22% yield and characterized by single-crystal x-ray diffraction. 
Salts [Na-kryptofix-221] [P2N3] and [Na-kryptofix-221] [P2!°NN2] were analyzed by 
infrared and Raman spectroscopy, °N and *!P nuclear magnetic resonance spectroscopy, 
and mass spectrometry. The formation of the P3N3 anion was investigated using density 
functional theory, and its aromatic character was confirmed by NICS (nucleus-independent 
chemical shift) and QTAIM (quantum theory of atoms in molecules) methods. 


n a chemical context, the term aromaticity 

refers to the special stability and electronic 

delocalization exhibited by planar hydro- 

carbons having 47 + 2 1 electrons, the most 

famous example of which is benzene (CgHg, 
six m electrons, n = 1) (J, 2). The prevalence of 
aromatic hydrocarbons, many of which are na- 
turally occurring in fossil fuel deposits, makes 
aromaticity largely the province of organic chem- 
istry. Put forward as “inorganic benzene,” bor- 
azine (B3N3H,g) is a colorless liquid and possesses 
high stability but is not deemed aromatic by the 
criterion of electronic delocalization (3-5). Aro- 
maticity does not only occur in the case of six- 
membered planar rings; another instance is the 
pentagonal cyclopentadienide ion (C;H; , six 1 
electrons). Theory suggests that an all-nitrogen 
pentagonal ion N; , isoelectronic to cyclopenta- 
dienide, would be aromatic; however, pentazo- 
late has so far been observed only as a gas-phase 
ion by tandem mass spectrometry experiments. 
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There, the pentazolate anion was generated from 
parahydroxyphenylpentazole by cleavage of the 
organic residue from the Ns; unit using a high 
collision voltage (6). SN2P., a sulfur-pnictogen 
ring with six x electrons, was recently identified 
in the gas phase by infrared (IR) spectroscopy as 
a product of the flash pyrolysis of SP(N3) (7). 

By contrast, the all-phosphorus aromatic five- 
membered anionic ring P; was identified as a 
persistent species in solution (8); it could even be 
used in ensuing synthetic studies giving rise to 
metallocene analogs in which a P;” ring replaces 
a cyclopentadienide ligand, as exemplified by the 
ferrocene-analogous complex Cp*Fe(P;) (Cp* = 
C;Me;; Me = methyl) (9). The Cp*Fe(P;) com- 
plex has proven to be a valuable building block 
in supramolecular chemistry, assembling into 
nanometer-scale balls upon interaction with cop- 
per(I) halides (0). 

Recently, we prepared a versatile, anthracene- 
based source of Ps, P,A, (A = anthracene or 
C,4Hjo), shown to release anthracene and diphos- 
phorus upon mild heating (77). In the context 
of accessing all-pnictogen heterocycles, we won- 
dered whether the diphosphatriazolate anion 


P.N3 (Fig. 1) could be prepared in a “click” re- 
action between diphosphorus (provided by P2A.) 
and the azide anion Ns; , similar to triazole for- 
mation in the [3+2] cyclization of azides with 
alkynes or phosphaalkynes (12-15). 

We found that P2N; formed in quantitative 
spectroscopic yield (along with anthracene) when 
a solution of P,A, (Fig. 2) in tetrahydrofuran 
(THF) was heated to 70°C for 3 hours in the 
presence of excess [TBA] [N3] (6.2 equiv; TBA = 
tetrabutylammonium). The PN; anion displays 
a phosphorus chemical shift at +334 ppm and is 
readily detected by electrospray ionization (ESI) 
spectrometry (mass-charge ratio m/z = 104.9). 
Similar solubility properties impeded the sepa- 
ration of the desired [TBA] [P2N3] salt from excess 
[TBA] [Ns] and anthracene, but when the reaction 
was repeated with a substoichiometric amount 
of [Na-kryptofix-221] [Ns], pure [Na-kryptofix-221] 
[P2N3] could be isolated by crystallization in 
22% yield as colorless crystals sensitive to air and 
moisture. 

The identity of the [Na-kryptofix-221] [P.Ns3] 
salt was confirmed by x-ray diffraction analysis 
(Fig. 1) (16). Of remarkable simplicity, the P.N3" 
anion reveals itself as an essentially planar ring 
approximating C,, point group symmetry, with 
metrical parameters that compare well to those 
predicted using density functional theory (DFT). 
The P-P and P-N interatomic distances [2.068 + 
0.001 A and 1.679 (avg.) A, respectively] fall in 
between typical single- and double-bond values 
(7, 18); this multiple bonding character is also 
reflected by the delocalization indices calculated 
for the P-P and P-N bonds (1.48 and 1.19, re- 
spectively) (19-21). The delocalized bonding pre- 
sent in the P,Nz anion is best visualized by 
plotting the Laplacian of the calculated electro- 
nic charge density in the plane of the ring (Fig. 3) 
(22); here, the areas of local charge concentration 
are distributed over all atomic basins. 

To probe the expected aromaticity of the di- 
phosphatriazolate anion relative to other five- 
membered rings with six nm electrons (Ns, Ps , 
CsH;, and NS,”*) that are deemed aromatic 
(23, 24), we calculated its nucleus-independent 
chemical shift along the z axis (NICS...) (24). Sim- 
ilar to the aforementioned rings, the NICS... pro- 
file for the P,N; anion was found to be class 1, 
with the highest absolute value for NICS at ~0.6 A 
above the ring critical point, diagnostic for a 
aromatic system (Fig. 4) (25). Moreover, magnetic 
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Fig. 1. Solid-state molecular structure of [Na- 
kryptofix-221] [P2N3]. Hydrogen atoms are 
omitted for clarity; the ellipsoids are plotted at 
the 50% probability level. The P2N3” unit is dis- 
ordered over two positions with occupancies of 92% 
(major component) and 8% (minor component), re- 
spectively (inset A). Selected interatomic distances 
and angles: (major component) N2-N1, 1326 + 0.002 A; 
N1-P1, 1.677 + 0.002 A; P1-P2, 2.069 + 0.001 A; P2-N3, 
1680 + 0.002 A; N3-N2, 1.310 + 0.002 A; P1-P2- 
N3, 93.17° + 0.08°; P2-N3-N2, 1177° + 0.2°; N1-N2-N3, 
118.5° + 0.2°; (minor component) N3B-N2B, 1.32 + 
0.03 A; N2B-N1B, 1.32 + 0.02 A; N1B-P1B, 1.64 + 
0.02 A; P1B-P2B, 2.08 + 0.02 A; P2B-N3B, 169 + 0.02 A. 
A model of P2N3 anion was optimized using DFT 
methods (27, 32); selected interatomic distances 
and angles: P-P, 2.07 A; P-N, 1.69 A; N-N, 1.31 A; 
P-P-N, 93°; P-N-N, 117°; N-N-N, 120° 


susceptibility analysis by QTAIM (quantum the- 
ory of atoms in molecules) showed that x or- 
bitals made the largest contribution (57%) to 
the total magnetic aromaticity of the P,N; anion 
(26, 27). 

The downfield *‘P nuclear magnetic resonance 
(NMR) shifts observed for the P2N; and P;~ 
anions (+334 and +467 ppm, respectively) are 
characteristic for these aromatic, all-pnictogen 
anionic rings. The C,, symmetry of P,N3; ob- 
served in polar solvents such as THF and aceto- 
nitrile, where the anion appears to tumble freely, 
is broken in nonpolar solvents such as benzene, 
where the phosphorus atoms become inequiva- 
lent and two peaks in a 1:1 ratio are detected by 
31P NMR spectroscopy. This desymmetrization is 
also observed in the solid-state structure, where 
N3 and N3b are preferentially oriented toward 
C23 of the cryptand (N3-C23 distance = 3.329 + 
0.002 A); this may be the effect of a weak donor- 
acceptor interaction (C23-H---N3) (28). Consistent 
with this hypothesis is the natural bond orbital 
(NBO) analysis of the diphosphatriazolate anion, 
which reveals N1 and N3 as the most basic sites 
of the PsN; ring, each bearing a partial -0.64 
charge (Fig. 3). 

To access more information about the proper- 
ties and formation of the P.N3; ion, we used 
terminally labeled [Na-kryptofix-221] [°NN.] as 
a reaction partner together with P,As, giving rise 
to the formation of [Na-kryptofix-221] [P2’°NNo] 
(°N between P and “N; Fig. 2) (27). The IR and 
Raman vibrational spectra for the “N-labeled 
diphosphatriazolate anion are predictably red- 
shifted with respect to the unlabeled P,N3 ion 
and are well reproduced computationally (table 
82). Involving primarily the vibration of the P-P 
bond, the A, Raman mode is largely unaffected 
by the incorporation of the N label and is de- 
tected at 519 cm™ for both the labeled and the 
unlabeled anion. For comparison, the breathing 
mode of the P; ion was observed at 463 cm™ in 
solution (8), and the stretching frequency of the 
P-P bond in diphosphene ArP=PAr (Ar = 2,4,6- 
tri-tert-butylphenyl) was observed at 610 cm™ 
(29), which suggests that the P-P bond in P,N3 is 
stronger than in its all-phosphorus analog but 


1002 29 MAY 2015 + VOL 348 ISSUE 6238 


AN R KY [Na-k221]+ 


P P——P 
[Na-k221][/°N=N=N] I(-)I 
oo 
THF, 2h @ 70°C 14N aN 
—2A NN 
B 15 NMR C 31P NMR 
x10 
\othschcaiaa geist \o asin cascode ticsacrts 
48 44 40 36 32 28 337 ©6336 335 334 333 332 
an . 
x10 


714 


600 
Raman Shift (cm~?) 


800 700 600 500 
Wavenumber (cm~?) 


a —[Na-k221][P2N3] 6 —[Na-k221][P2!®NNo] 


Fig. 2. Characterization of the [Na-kryptofix-221] [P2'°NN2] salt. (A) Preparation by thermolysis of 
P2A> in the presence of [Na-kryptofix-221] [°NN2]. (B and C) Experimental (up) and simulated (down) 
15\) NMR and *!P NMR spectra, respectively, of the [P2'°NN2] ion. (D and E) IR and Raman vibrational 
spectra, respectively, of solid [Na-kryptofix-221] [P2N3] and [Na-kryptofix-221] [P2!°NNo]. 
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Fig. 3. Theoretical bonding analysis. Natural resonance theory (NRT) (33) resonance weights (top) 
calculated for the diphosphatriazolate anion, P2N3 (34, 35). The topology of the Laplacian distribution of 
charge density (bottom) in the plane of the P2N3 anion is shown with regions of charge depletion in 
solid curves and those of charge concentration in dashed curves. Bond paths, bond and ring critical 
points, and atomic basin paths are also depicted (21). 


Fig. 4. Probing aromati- 
city. Plotted is NICS(z) ver- 
sus r (A) (27) for Cp”, P2N3 , 
Ps, Ns, and N,S3°". 


0 0.5 


weaker than in the diphosphene. The B, Raman 
vibration of the diphosphatriazolate anion, involv- 
ing primarily the stretching and contracting of the 
P-N bonds, red-shifts from 714 cm™ for P2N3 to 
709 cm for P.”"NNj . 

With three spin % nuclei, the P2”NN>»” anion 
is an ABX spin system and displays second- 
order coupling (30, 31). The *N NMR spectrum 
of P,!"NN,.° consists of an apparent doublet of 
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doublets centered at +38.0 ppm, while its *'P 
NMR spectrum reveals an apparent doublet 
QUvirtual = 52 Hz) flanked by two sets of outer 
wings (+460 Hz; Fig. 2). With the aid of the Spin 
Simulation package of the MNova NMR pro- 
gram, we estimated Jp\_po, Upo_na, Jpi_n3, and 
Avp;p2 to be -460, +102, +2, and 17 Hz, re- 
spectively (fig. S6 and table S1). The large P1-P2 
coupling constant between the almost equivalent 


phosphorus atoms effects a stronger coupling of 
the P1 atom to the ’N nucleus in position 3 than 
otherwise (37). The presence of the outer wings 
in the ““P NMR spectrum, centered at +460 Hz 
from the center of the apparent doublet (yirtuai = 
52 Hz), is characteristic for the ABX spin system 
(31). °N NMR spectroscopy data rule out the 
presence of the 1,3 isomer of the P.’”"NN,. ion in 
the reaction mixture, as the 1,3 isomer can in- 
corporate the *N atom in either position 2 or 4 of 
the heterocycle. This would give rise to two dis- 
tinct signals in the *N NMR spectrum, contrary 
to the experimental findings. 

Using DFT methods [M06-2X, def2-TZVPP+, 
COSMO(THF)] (27), we investigated two routes 
through which P.,N3 could form: (i) an associa- 
tive route in which the reactive intermediate 
P,NzA° forms from P,A and Nz; and subse- 
quently loses A, and (ii) a dissociative route in 
which P., formed in the fragmentation of P,A, 
reacts directly with Nz . Similar to the P, transfer 
from PA, to 1,3-cyclohexadiene (11), we found 
the two routes to have comparable energetic 
profiles (fig. S13), likely both contributing to the 
formation of the P2N3 anion. 

This work shows that it is possible to synthe- 
size, using an original P, transfer reaction, a pla- 
nar aromatic heterocycle composed exclusively 
of nitrogen and phosphorus. Until now, to render 
isolable a molecular entity having substantial 
P=P double-bond character, the approach has 
been to use an architecture with bulky adjacent 
substituents to block the site, thereby preventing 
access to the reactive moiety and attendant deg- 
radation (18). Here, the small title anion P.N3 is 
entirely free of blocking groups and the observed 
stability must be attributed to electronic stabili- 
zation. Considering the data in aggregate, this 
stabilization is best construed as aromaticity—an 
effect traditionally reserved for the domain of 
organic chemistry. 
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SHAPE MEMORY ALLOYS 


Ultralow-fatigue shape memory 


alloy films 


Christoph Chluba,’ Wenwei Ge,” Rodrigo Lima de Miranda,’ Julian Strobel," 
Lorenz Kienle,’ Eckhard Quandt,'* Manfred Wuttig?* 


Functional shape memory alloys need to operate reversibly and repeatedly. Quantitative 
measures of reversibility include the relative volume change of the participating phases 
and compatibility matrices for twinning. But no similar argument is known for repeatability. 
This is especially crucial for many future applications, such as artificial heart valves or 
elastocaloric cooling, in which more than 10 million transformation cycles will be required. 
We report on the discovery of an ultralow-fatigue shape memory alloy film system based on 
TiNiCu that allows at least 10 million transformation cycles. We found that these films 
contain TizCu precipitates embedded in the base alloy that serve as sentinels to ensure 
complete and reproducible transformation in the course of each memory cycle. 


hape memory alloys (SMAs) are attractive 

because of their distinct properties. The 

shape memory effect (7) is the basis in 

many modern solid-state actuators (2). 

Medical implants such as self-expanding 
stents (3) or orthodontic arch wires (4) take ad- 
vantage of the superelasticity (7). This property 
also finds application in the emerging field of 
elastocaloric solid-state refrigerators (5). The ba- 
sic principle of both features is the reversible 
martensite-austenite transformation, which is 
temperature-driven in the case of the shape 
memory effect and stress-driven in the case of 
the superelasticity. The corresponding large work 
output of SMAs is a consequence of a first-order 
structural phase transformation featuring a large 
eigenstrain and substantial enthalphy of trans- 
formation (6, 7). In apparent contradiction to its 
first-order characteristic, the property-controlling 
phase transformation of SMAs is reversible be- 
cause the transforming phases are elastically com- 
patible, meaning that the structural distortions 
arising from the transformation do not exceed the 
limits of reversibility (8). Nevertheless, a limiting 
factor for any high-cycle application of either 
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property is fatigue, both the integrity of the ma- 
terial (structural fatigue) as well as the change of 
their functional properties and their reversibility 
(functional fatigue). A general understanding of 
how often the transformation can be executed in 
polycrystals—its fatigue characteristics—is lacking, 
even though it currently constitutes the major 
obstacle to the implementation of the new 
technologies (9). 


300 


200 


stress / MPa 


The most prominent SMAs are based on 
titanium-nickel, for which an equiatomic compo- 
sition of the shape memory effect was uncovered 
in 1963 (10). The specific combination of their 
large effect sizes, tunability of the transformation 
temperatures by partial substitution of Ni or Ti 
with other elements (such as Cu, Pd, Pt, Co, Fe, 
and Hf), good mechanical properties, and excel- 
lent biocompatibility in case of binary TiNi (7D 
results in these alloys being the first choice for 
most solid-state shape memory and superelas- 
ticity applications. Despite the almost ubiquitous 
use of binary TiNi for superelastic implants (12), 
these alloys show a dramatic fatigue upon full 
cycling of the stress-induced martensitic trans- 
formation. Even for the first cycles, a change in 
the transformation temperature (73), a decrease 
of the superelastic plateau strain, and an accu- 
mulation of residual martensite are observed (14). 
Different fatigue investigations have revealed the 
fatigue endurance limit (maximum strain ampli- 
tude for run-out at 10 million cycles) for bulk 
superelastic TiNi to be between 0.4 and 0.6%, 
which is almost independent from the mean 
strain (3, 13). For example, the superelastic fa- 
tigue life in TiNi and TiNiCu wires by using a less- 
demanding rotary bending fatigue tester only 
reached 1 million cycles if the maximum stress at 
the outer surface was smaller than 0.8% (15). This 
behavior implies that only partial transforma- 
tions can be used for any high-cycle applications, 


— cycle 1 
—— cycle 10 
—— cycle 50 


—— cycle 100 
——— cycle 200 


0.02 0.03 


strain 


0.02 0.03 


strain 


Fig. 1. Evolution of fatigue in SMA films. (A and B) Fatigue stress-strain curves of tensile fatigue tests 
performed up to 200 cycles at test temperatures (Ty,<4) larger than austenite finish temperature (A,) 
noted in (A) and (B). Fatigue characteristics of near-equiatomic Tis;Nizg¢Cu;3 (Sample 1) films with strong 
fatigue behavior and mechanically stable Ti-rich Tis4Niz4Cuy2 (Sample 2) films are shown. 
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which is considered to be the major drawback of 
elastocaloric materials besides the observed pro- 
nounced functional fatigue (16). The behavior is 
related to the incompleteness of the transfor- 
mation upon cycling (17), resulting in surface 
roughness, which is believed to be the origin of 
crack formation and subsequent mechanical fail- 
ure of the material. 

The obstacles described above demonstrate 
the connection between reversibility (functional 
fatigue) with structural fatigue. Essential for the 
reversibility are both the compatibility of the 
martensite-austenite and the twin/twin inter- 
faces. The former and latter are perfect when the 
compatibility triplet—which consists of the mid- 
dle eigenvalue of the stretch matrix measuring 
the relative volume change of the transforming 
phases, 4, and the two cofactors measuring the 
mutual compatibility of type I and II twins, CCI 
and CCII (J8)—attains the values (1,0,0). Combi- 
natorial techniques were used to identify compo- 
sitions fulfilling the first condition in the systems 
Ni-Ti-Cu and Ni-Ti-Pd (7). In Zny;Aug Cugs5 poly- 
crystals, all compatibility conditions are close to 
their ideal values. Hence, the alloy displayed 
superior functional stability. This translated to 
the observation of a small decrease of the latent 
heat of ~10% that persisted up to 16 x 10* 
transformation cycles (19). 

Additional interest in shape memory ma- 
terials arises from the development of thin-film 
technology—which has led to miniaturized appli- 
cations (20) such as microelectromechanical sys- 


tem (MEMS) actuators (27)—as medical implants 
and for elastocaloric cooling (22). Besides minia- 
turization, these materials and related devices 
benefit from the high surface-to-volume ratio 
of thin-film SMAs and high specific work and 
power output owing to their enhanced frequency 
capabilities. In addition, free-standing thin-film 
materials, fabricated by use of a special sacrificial 
layer technique (23), exhibit improved mechanical 
and fatigue properties because of the absence of 
inclusions (24). 

This study was undertaken so as to better 
understand the reversibility of the martensitic 
transformation in TiNiCu alloys with Cu substi- 
tution of 12.5 + 0.5 atomic % on Ni positions 
because they are known to have lower functional 
fatigue as compared with that of binary TiNi 
(22). We conducted experiments on thin films so 
as to minimize the influence of inclusions. TiNi- 
based devices are commonly made of near- 
equiatomic compositions (between the Ti- and 
the Ni-site) in order to minimize the fraction of 
precipitates and thereby maximize the fraction 
of phase-transforming material. We intentionally 
examined a Ti-rich composition in comparison 
with a near-equiatomic alloy in order to investi- 
gate the influence of two types of Ti-rich precip- 
itates, Ti.Ni and Ti,Cu, on the functional fatigue. 
Magnetron-sputtered equiatomic Tis;NizgCuy3 
(sample 1) and Ti-rich Tis,Niz,Cu,. (sample 2) 
free-standing samples (25) show an austenite 
finish temperature (A;) of ~62°C (fig. SI). We 
investigated both samples’ mechanical (Fig. 1) 


Table 1. Refinement of mass fraction (m) and lattice parameters (a, b, and c) of the phases 
identified before and after 200 deformation cycles for the high- and low-fatigue Tis;Niz¢Cuj3 
and Tis4Niz4Cuy2. The Rietveld mass fraction uncertainties are much smaller than expected (31), 
which explains the apparent inconsistencies of the TizCu mass fractions at 22°C and 87°C. Numbers 


in parentheses are rounded. 


At 22°C 


Before cycling After cycling 


TisiNizeCuz3, sample 1: Identified phases 


At 87°C 
Before cycling After cycling 


5 m [%] 81.35(2) 74.77(2) 
Benen) STAI 3,036050(5)  3.03691(1) 
m[%] 93.484(8) 92.414(8) 12.31(7) 18.52(6) 
B19 Rhee 4.24731(5) a=4.24864(6) a=4.2546(5) a= 4.2668(5) 
(Pmma) TA] b = 2.89549(5) b = 2.89582(5) b=2.9028(4) b=2.9127(4) 
c =4.52777(4) c= 4.52669(4) c=4.5157(4) c= 4.5089(3) 
TioNi m [%] 6.52(5) 7.59(4) 6.34(5) 6.71(4) 
(Fd3m) a [A] 11.3421(4) 11.3467(3) 11.3519(2) 11.3575(2) 
TisaNizaCuy2, sample 2: Identified phases 
B2 m [%] 67.89(3) 70.30(3) 
(Pm3m) a [A] 3.038542(4) 3.038653(4) 
m[%] 71.45(3) 73.65(2) 
B19 she = 4.25653(7) a = 4.25486(7) 
(Pmma) TAI b = 2.90113(6) b= 2.90214(6) 
c = 4.51964(7) c= 4.52099(7) 
TioNi m [%] 22.84(5) 19.15(4) 24.20(5) 20.33(5) 
(Fd3m) a [A] 11.33396(5) 11.33495(6) 11.33981(3) 11.34131(4) 
m[%] 5,71(4) 7.21(4) 7.91(3) 9.37(4) 
Ti2Cu aie a=b= a=b= a=b= a=b= 
(/4/mmm) [A] 2.95131(3) 2.95100(3) 2.95556(2) 2.95549(2) 


c = 10.4993(2) 
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c = 10.5015(2) 


c = 10.49195(9) c = 10.49451(9) 


and thermal (fig. S1) fatigue characteristics (25), 
their structure before and after deformation cycl- 
ing, as well as the crystallographic structures 
above and below A; by means of synchrotron- 
based x-ray diffraction (XRD) (25). Additionally, 
we used high-resolution transmission electron 
microscopy (HRTEM) to characterize the B2/Ti,Cu 
and B19/Ti,Cu interfaces. We found that the pres- 
ence of Ti,Cu precipitates and next-to-ideal values 
of the compatibility triplet increase the fatigue 
limit of the Ti-rich sample to more than 10” full 
cycles without any degradation in the effect size. 
This insight allows us to transfer the principle to 
other phase transformation-controlled materials 
such as TiNiCuCo thin films (fig. $2). 

The fatigue characteristics are different be- 
tween the two samples within the first 200 cy- 
cles: A traditional SMA (sample 1) shows large 
functional fatigue (Fig. 1A), characterized by ac- 
cumulation of remanent martensite (Table 1). The 
transformation is stabilized after 100 cycles, but 
high-cycle tests revealed an early rupture of this 
material after several thousand cycles. Increased 
surface roughness originating from stabilized mar- 
tensite, which served as crack nucleation sites, is 
the likely mechanism (26). In contrast, the Ti-rich 
alloy (sample 2) displayed no measurable fatigue 
(Fig. 1B). However, as a result of the higher-mass 
fraction of precipitates (Table 1), the low-fatigue 
sample 2 showed a reduced superelastic plateau. A 
similar difference of the fatigue characteristics is 
found for TiNiCuCo samples. The near-equiatomic 
sample exhibits distinct fatigue (fig. S2A), where- 
as the Ti-rich sample displays no fatigue and a 
reduced superelastic strain (fig. S2B). Most note- 
worthy, the ultralow fatigue for the Ti-rich sam- 
ples can be extended to 10 million cycles (Fig. 2 
and fig. $3). 

A comparison of the results of the diffraction 
experiments to the fatigue data (Figs. 1 and 2) 


400 


E TisaNizaCuy2 


300 + T,,.,= 70 °C 


Test 


s LA =65°C 
= 200 
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Fig. 2. Ultralow fatigue in SMA films. Ultralow 
fatigue of the Ti-rich sample 2 demonstrated by 
next-to-identical 1st, 200th, and 10’th superelas- 
tic transformation cycles. The testing temperature 
(Ttest) Was 70°C with an austenite-finish temper- 
ature (A;) of 65°C. The high-cycle fatigue at 70°C 
was measured with a special fatigue test device, 
consisting of a load cell, a temperature chamber, 
and a solenoid as actuator. The fatigue test is 
conducted force-controlled at a frequency of 20 Hz 
(fig. S4). Cycle 1 to 200 and cycle 10” was measured 
by using a conventional tensile test device (25). 
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shows that the Ti-rich sample 2 with ultralow 
fatigue contains Ti,Cu precipitates, which are 
not present in the near-equiatomic sample 1 film 


(figs. S5 and S6). Both samples contain B2, B19, 
and Ti,Ni phases with phase contents (Table 1) 
and strain distributions (table S1) determined by 


| |(010)p2/(001)ti,cu 
>) (011)p2/(013)rti,cu 
87 °C = 
| |) (011)g2/(013)qi,cu 


0 


(101) g19/(001)ti,.cu 
| | (100)p19/(013)ri,cu 


mi (001)p19/(013)t;,cu 


Fig. 3. Dual epitaxies in Tis4NizqCuy films. B2—Ti2CueB19 epitaxies in Tis4Niz4Cuye film (Sample 2). 
Color coding is shown on the left. The smallest misfit strains, calculated on the basis of the lattice param- 
eters (Table 1), are e)((010)g2/(001)ti,cuj = zoctcay 2 = = 2.80%, e,[(010)g2/(O01)ti,cu] = acne 1 = = 
B19) (819) 
2.80%, €1\[(100)B19/(013)ti,cul Te a ~1.28%, and e ,[(100)g2/(013)ti,cul = ance 71 = = 


-1.70%. B19 growth twin epitaxies are shown in fig. S7. Additional misfit strains are given in table S3. 


Table 2. Values of the compatibility triplet, middle eigenvalue (), and cofactor conditions for 
type | and II twins (CCI and CCIl). These are evaluated by using the lattice parameters extracted 


from Table 1. 
ao (A a(A b(A c(A 
Alloy sh, oe Ee »  CCIf10~4] cclI [10-7] 
B2, 87°C B19, 22°C 
TisiNizgCur3 3.03605 4.24732 2.89549 4.52777 0.9892 2.4542 2.9473 
TisaNizgCuz2 3.03854 4.25654 2.90114 4.51964 0.9905 1.8661 2.2742 


Fig. 4. Electron microscopical evidence of dual epitaxies. TEM- 
generated and simulated diffraction patterns of the B2/TizCu and 
B19/TisCu interfaces. The experimental patterns have been recorded 
on sample 2, patterns (A) and (C), at an elevated and room tem- 
perature, respectively. A HRTEM of the interfacial region is shown in 
fig. S2. (A) Selected-area electron diffraction (SAED) pattern recorded 
at the B2/TisCu interface, zone axes [100]. (B) Simulation of the 
pattern in (A), showing that 0207;,cy nearly coincides with O02p2. 
(C) SAED pattern recorded at the B19/Ti2Cu interface; zone axes 
are (100}ti,cu and [010]pi9. (D) Simulation of the pattern in (C) 
demonstrating near-overlap of the O207),cy and 202B19/202gi9twin 
diffraction spots. The patterns confirm the proposed epitaxies 


A 


means of Rietveld refinements that included grain 
size (table S2, A and B) (27) as well as anisotropic 
strain parameters (28). The incomplete temperature- 
induced B2<>B19 transformation in sample 1 in- 
dicated stabilized martensite in the austenite phase. 
The presence or absence of TipCu phase appears 
to control the transformation and fatigue char- 
acteristics of the two samples. We reason that the 
potential epitaxy of the phase pairs B2/Ti,Cu and 
B19/Ti.Cu is responsible for the almost complete 
reversibility of the stress-strain curves and iden- 
tified the relevant misfit strains (Fig. 3 and table 
S3) along with the corresponding Rietveld strain 
parameters (Syq) (table S1) (28) for these inter- 
faces. Taking the strain parameters into consid- 
eration improves the refinement considerably 
(table S4A). The small misfits of the transforming 
phases’ lattice parameters with Ti,Cu in the low- 
fatigue sample 2 (Fig. 3) suggest that B19 and 
B2 are epitaxially related to Ti,Cu and to each 
other. The Rietveld strain parameters (table S1) 
support the epitaxy because the symmetry is 
identical to that of the anisotropic broadening 
of diffraction peaks associated with epitaxial 
strains. TEM diffraction patterns also suggest 
epitaxy, taken at the B2/Ti,Cu and B19/Ti,Cu in- 
terfaces (Fig. 4), as also confirmed with HRTEM 
observations (fig. S8). In contrast, the Ti,Ni pre- 
cipitates display larger misfits and small val- 
ues of the Rietveld strain parameters (fig. S9 
and tables S1 and S3). This demonstrates inco- 
herent precipitation in the B2 and B19 phase, 
respectively. 

The refined x-ray and TEM diffraction data 
suggest the following scenario leading to the low- 
fatigue state in Ti-rich sample 2. Ti,Cu coherently 


at high and low temperatures: (010)g2/(001)ti,cu, red/yellow 
in Fig. 3; (101)g19/(OO1)ticu, dark blue/yellow in Fig. 3; and 
(101)g19twin/(OO1)ti,cu, light blue/yellow in fig. S7 
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and Ti,Ni incoherently precipitate in the B2 
matrix upon cooling from 700°C to 87°C. The 
B2 matrix transforms completely to B19 upon 
further cooling to 22°C, aided by the simulta- 
neous Ti,Cu/B19 epitaxies (Figs. 3 and 4, Table 1, 
and table S3). The B19/Ti.Cu epitaxy provides an 
internal stress pattern, which stabilizes the B19 
phase at low temperatures. During stress cycling, 
the equivalent epitaxy alternatingly stabilizes the 
B2 phase. At each temperature and stress, the 
transforming phases attain equilibrium by form- 
ing a compatible morphology directed by the 
internal epitaxy-generated stress distribution. 
Complete transformation is attained at each cycle 
because the epitaxial stresses are reversible. Hence, 
we propose that the epitaxially promoted comple- 
tion of the B2<>B19 phase transformation creates 
the low-fatigue state of the Tis4Niz,Cuy. films. 
The Ti.Cu precipitates act like sentinels, assuring 
that the B2<>B19 transformation proceeds toward 
completion at each cycle. The transformation 
will return the film to a stress state and morphol- 
ogy that are compatible with the pristine state. 
The decrease of the anisotropic peak broaden- 
ing of the epitaxy-effected XRD peaks indicates 
trainability. 

This proposal must be revisited in light of the 
favorable values of the quantitative compatibility 
criteria calculated from the lattice parameters of 
both alloys Ti;;Nig¢Cuy3 and Tis,Niz4Cuy. (Table 2). 
These values approach the ideal triplet (A = 1, 
CCI = CCI = 0) and suggest good reversibility 
even in polycrystals (29), although they are in- 
ferior to those for Zn4;AU39CU2; (19). The values 
for sample 2 are closer to the ideal than those for 
sample 1, which is in accord with the vastly better 
fatigue characteristics of sample 2. The ques- 
tion then arises whether this large difference of 
the fatigue life results from the observed epi- 
taxy or that of the two triplets listed in Table 2. 
We observe that despite their reversibility, the 
phase transformations in SMAs are of first order 
(nucleation- and growth-controlled). We suggest 
that the epitaxy leads to reversible nucleation, 
whereas the low cofactors promote reversible 
near-equilibrium growth so that the combina- 
tion of both mechanisms yields the observed ult- 
ralow fatigue. In the limit of CCI and CCII—0, no 
energy will be stored in the product phase in the 
form of twin boundaries. This creates a strongly 
reproducible, and therefore repeatably transfor- 
mable, equilibrium state. 

Given the fatigue-controlling importance of 
the dual epitaxy of Ti,Cu in TiNiCu-based (SMA) 
films, it is natural to search for other alloying 
elements that have the potential to play a similar 
role. Following this lead, we can assume that 
structurally related Ti,Ag precipitates will act 
very similar to Ti,Cu. Because TiNiAg SMAs dis- 
play transformation characteristics comparable 
with that of TiNiCu (30), they could be promising 
candidates for biocompatible ultralow fatigue 
SMA films. Elastocaloric cooling requires bulk 
materials, which is a difficult but, in principle, 
solvable challenge. More generally, we expect 
similar behavior in phase-transforming materials 
that contain dual-epitaxial precipitates. 
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MEMORY 


Engram cells retain memory under 


retrograde amnesia 


Tomas J. Ryan,”?* Dheeraj S. Roy,’* Michele Pignatelli,* 


Autumn Arons,”” Susumu Tonegawa”’?+ 


Memory consolidation is the process by which a newly formed and unstable memory 
transforms into a stable long-term memory. It is unknown whether the process of memory 
consolidation occurs exclusively through the stabilization of memory engrams. By using 
learning-dependent cell labeling, we identified an increase of synaptic strength and 
dendritic spine density specifically in consolidated memory engram cells. Although 

these properties are lacking in engram cells under protein synthesis inhibitor—induced 
amnesia, direct optogenetic activation of these cells results in memory retrieval, and 

this correlates with retained engram cell-specific connectivity. We propose that a specific 
pattern of connectivity of engram cells may be crucial for memory information storage and 
that strengthened synapses in these cells critically contribute to the 


memory retrieval process. 


emory consolidation is the phenome- 
non by which a newly formed memory 
transitions from a fragile state to a sta- 
ble, long-term state (J-3). The defining 
feature of consolidation is a finite time 
window that begins immediately after learning, 


during which a memory is susceptible to disrup- 
tions, such as protein synthesis inhibition (4-6), 
resulting in retrograde amnesia. The stabilization 
of synaptic potentiation is the dominant cellular 
model of memory consolidation (7-10) because 
protein synthesis inhibitors disrupt late-phase 
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long-term potentiation of in vitro slice prepara- 
tions (J7-13). Although much is known about the 
cellular mechanisms of memory consolidation, 
it remains unknown whether these processes 
occur in memory engram cells. It may be pos- 
sible to characterize cellular consolidation and 
empirically separate mnemonic properties in 
retrograde amnesia by directly probing and ma- 
nipulating memory engram cells in the brain. 
The term memory engram originally referred to 
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the hypothetical learned information stored in 
the brain, which must be reactivated for recall 
(14, 15). Recently, several groups demonstrated 
that specific hippocampal cells that are activated 
during memory encoding are both sufficient (16-18) 
and necessary (19, 20) for driving future recall 
of a contextual fear memory and thus represent a 
component of a distributed memory engram (27). 
Here, we applied this engram technology to the 
issue of cellular consolidation and retrograde 
amnesia. 

We used the previously established method 
for tagging the hippocampal dentate gyrus (DG) 
component of a contextual memory engram with 
mCherry (supplementary materials, materials and 
methods, and fig. S1) (16, 22). To disrupt consolida- 
tion, we systemically injected the protein syn- 
thesis inhibitor anisomycin (ANI) or saline (SAL) 


as a control immediately after contextual fear 
conditioning (CFC) (Fig. 1A). The presynaptic 
neurons of the entorhinal cortex (EC) were con- 
stitutively labeled with ChR2 expressed from an 
AAV,-CaMKIla-ChR2-EYFP virus (Fig. 1B). Voltage 
clamp recordings of paired engram (mCherry’) 
and nonengram (mCherry ) DG cells were con- 
ducted simultaneously with optogenetic stimu- 
lation of ChR2* perforant path (PP) axons (Fig. 1, 
Cand D). mCherry* cells of the SAL group showed 
significantly greater synaptic strength than did 
paired mCherry cells, whereas in the ANI group, 
mCherry* and mCherry cells were of comparable 
synaptic strength (Fig. 1E). Calculation of AMPA/ 
N-methyl-p-aspartate (NMDA) receptor current ra- 
tios (23) showed that at 24 hours after training, 
mCherry* engram cells displayed potentiated 


synapses relative to paired mCherry’ non-engram 
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Fig. 1. Synaptic plasticity and connectivity of engram cells. (A) Mice 
taken off doxycycline (DOX) 24 hours before CFC and dispatched 24 hours 
after training. SAL or ANI was administered immediately after training. 
(B) AAVs-CaMKlla-ChR2-EYFP and AAV o-TRE-mCherry viruses injected 
into the entorhinal cortex and dentate gyrus, respectively, of c-Fos-tTA mice. 
(C) Paired recordings of engram (red) and nonengram (gray) DG cells during 
optogenetic stimulation of ChR2* PP axons. (D) Representative image of a pair 
of recorded biocytin-labeled engram (mCherry*) and nonengram (mCherry”) 
DG cells. ChR2* PP axons are in green. (E) (Top) Example traces of AMPA and 
NMDA receptor—dependent postsynaptic currents in mCherry* and mCherry~ 
cells, evoked by means of light activation of ChR2* PP axons. (Bottom) EPSC 
amplitudes and AMPA/NMDA current ratios of mCherry* and mCherry~ cells 
of the two groups are displayed as means (columns) and individual paired 
data points (gray lines). Paired t test; *P < 0.05, **P < 0.001. SAL group 
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compared with the ANI group, unpaired t test; *P < 0.05. (F) (Left) Repre- 
sentative confocal images of biocytin-filled dendritic fragments derived from 
SAL and ANI groups for ChR2* and ChR2™ cells (arrow heads indicate dendritic 
spines). (Right) Average dendritic spine density showing an increase occurring 
exclusively in ChR2* fragments. Data are represented as mean + SEM. Unpaired 
t tests **P < 0.01, ***P < 0.001. (G) Engram connectivity. (Top left) AAVo- 
TRE-ChR2-EYFP and AAV o-TRE-mCherry viruses, injected into the DG and 
CA3, respectively, of c-Fos-tTA mice. (Bottom left) Example of mCherry* (1) 
and mCherry~ (2) biocytin-filled CA3 pyramidal cells. ChR2* mossy fibers 
(MF) are in green. (Top right) mCherry* cell but not mCherry~ cell displayed 
excitatory postsynaptic potentials in response to optogenetic stimulation of 
MF. (Bottom right) Probability of connection of DG ChR2* engram axons and 
CA3 mCherry* and mCherry~ cells. Error bars are approximated by using 
binomial distribution. Fisher's exact test; *P < 0.05. 
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cells in the SAL group (Fig. 1E). However, no such 
difference between mCherry* and mCherry was 
observed in the ANI group. In addition, mCherry* 
engram cells of the SAL group showed signifi- 
cantly greater AMPA/NMDA current ratios than 
those of mCherry* engram cells of the ANI group. 
Analysis of spontaneous excitatory postsynaptic 


currents (EPSCs) of engram and non-engram 
cells of both SAL and ANI groups showed the 
same pattern (fig. S2). 

We also quantified dendritic spine density for 
DG engram cells labeled with an AAVg-TRE- 
ChR2-EYFP virus. Spine density of ChR2* cells 
was significantly higher than corresponding 
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Fig. 2. Optogenetic stimulation of DG engram cells restores fear memory in retrograde amnesia. 
(A) Behavioral schedule. Beige shading signifies that subjects are on DOX, precluding ChR2 expression. 
Mice are taken off DOX 24 to 30 hours before CFC in context B. SAL or ANI was injected into the mice 
after training. (B) Habituation to context A with light-off and light-on epochs. Blue light stimulation of 
the DG did not cause freezing behavior in naive, unlabeled mice of the pre-SAL (n = 10 mice) or pre- 
ANI (n = 8 mice) groups. (©) Memory recall in context B 1 day after training (test 1). ANI group displayed 
significantly less freezing than SAL group (P < 0.005). No-shock groups with SAL (n = 4 mice) or ANI 
(n = 4 mice) did not display freezing upon reexposure to context B. (D) Memory recall in context A 
2 days after training (engram activation) with light-off and light-on epochs. Freezing for the two light-off 
and light-on epochs are further averaged in the inset. Significant freezing due to light stimulation was 
observed in both the SAL (P < 0.01) and ANI groups (P < 0.05). Freezing levels did not differ between 
groups. SAL and ANI-treated no-shock control groups did not freeze in response to light stimulation of 
context B engram cells. (E) Memory recall in context B 3 days after training (test 2). ANI group displayed 
significantly less freezing than SAL group (P < 0.05). (F and G) Images showing DG sections from 
c-Fos-tTA mice 24 hours after SAL or ANI treatment. (H) ChR2-EYFP cell counts from DG sections 
of SAL (n = 3 mice) and ANI (n = 4 mice) groups. (I) In vivo anesthetized recordings (supplementary 
materials, materials and methods). (J and K) Light pulses induced spikes in DG neurons recorded from 
head-fixed anesthetized c-Fos-tTA mice 24 hours after treatment with either SAL or ANI. Data are 
presented as mean + SEM. 
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ChR2 cells in the SAL group (Fig. 1F and fig. $3), 
but spine densities of ChR2* and ChR2° cells of 
the ANI group were similar (supplementary ma- 
terials, materials and methods). Spine density of 
ChR2* cells of the SAL group was significantly 
higher than that of ANI ChR2* cells (Fig. 1F), but 
ChR2° cell spine density was comparable. This re- 
sult was confirmed with analysis of the membrane 
capacitance (fig. S4G). ChR2 expression did not 
affect intrinsic properties of DG cells in vitro (fig. 
S5, A to E). Direct bath application of ANI did not 
affect intrinsic cellular properties in vitro (fig. 
S5F), although it mildly reduced synaptic currents 
acutely (fig. S5, G to I). When ANI was injected 
into c-Fos-tTA animals 24 hours after CFC and 
engram labeling, engram cell-specific increases 
in dendritc spine density and synaptic strength 
were undisturbed (fig. S6). We also examined en- 
gram cells labeled by means of a context-only ex- 
perience (17) and found equivalent engram-cell 
increases in spine density and synaptic strength 
(fig. S7) as those labeled by means of CFC. 

DG cells receive information from EC and relay 
it to CA3 via the mossy fiber pathway. We labeled 
DG engram cells using an AAVo-TRE-ChR2-EYFP 
virus and simultaneously labeled CA3 engram 
cells using an AAV)-TRE-mCherry virus (Fig. 1G). 
Connection probability was assessed 24 hours 
after CFC by stimulating DG ChR2* cell terminals 
optogenetically and recording excitatory post- 
synaptic potentials in CA3 mCherry* and mCherry” 
cells in ex vivo preparations. CA3 mCherry* en- 
gram cells showed a significantly higher prob- 
ability of connection than did mCherry” cells with 
DG ChR2* engram cells, demonstrating preferen- 
tial engram cell-to-engram cell connectivity. This 
form of engram pathway-specific connectivity 
was unaffected by posttraining administration 
of ANI (Fig. 1G). 

We next tested the behavioral effect of opto- 
genetically stimulating engram cells in amnesic 
mice (Fig. 2A). During CFC training in context 
B, both SAL and ANI groups responded to the 
unconditioned stimuli at equivalent levels (fig. S8). 
One day after training, the SAL group displayed 
robust freezing behavior to the conditioned stim- 
ulus of context B, whereas the ANI group showed 
substantially less freezing behavior (Fig. 2C). Two 
days after training, mice were placed into the 
distinct context A for a 12-min test session con- 
sisting of four 3-min epochs of blue light on or 
off. During this test session, neither group showed 
freezing behavior during light-off epochs, but both 
froze significantly during light-on epochs (Fig. 2D). 
Remarkably, no difference in the levels of light- 
induced freezing behavior was observed between 
groups. Three days after training, the mice were 
again tested in context B in order to assay the 
conditioned response, and retrograde amnesia for 
the conditioning context was still clearly evident 
(Fig. 2E). Subjects treated with SAL or ANI after 
the labeling of a neutral contextual engram (no 
shock) did not show freezing behavior in re- 
sponse to light stimulation of engram cells 
(Fig. 2D). We replicated the DG retrograde am- 
nesia experiment using an alternative widely used 
protein synthesis inhibitor, cycloheximide (CHM) 
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(fig. S9). We examined whether ANI administra- 
tion immediately after CFC altered the activity- 
dependent synthesis of ChR2-EYFP in DG cells 
and found that this was not the case (Fig. 2, F to 
H). Nevertheless, the dosage of ANI used in this 
study did inhibit protein synthesis in the DG, as 
shown with Arc* cell counting (fig. S10). Thus, 
the dosage of ANI used was sufficient to induce 
amnesia but was insufficient to impair c-Fos- 
tTA-driven synthesis of virally delivered ChR2- 
EYFP in DG cells. Extracellular recordings from 
SAL- and ANI-treated mice confirmed the cell 
counting results (Fig. 2, I to K). In line with fig. 
S6 and previous reports (24), ANI injection 24 
hours after CFC did not cause retrograde am- 
nesia (fig. S11). To provide a negative control for 
light-induced memory retrieval in amnesia, we 
disrupted memory encoding by activating hM4Di 
DREADDs receptors (25) downstream of the DG, 
in hippocampal CAI, during CFC, and found that 
subsequent DG engram activation did not elicit 
memory retrieval (fig. S12). 


The recovery from amnesia through the di- 
rect light activation of ANI-treated DG engram 
cells was unexpected because these cells showed 
neither synaptic potentiation nor increased den- 
dritic spine density. We conducted additional 
behavioral experiments in order to confirm and 
characterize the phenomenon. First, we inves- 
tigated whether recovery from amnesia can be 
demonstrated by means of light-induced opto- 
genetic place avoidance test (OptoPA); this would 
be a measure of an active fear memory recall 
(supplementary materials, materials and meth- 
ods) (18), rather than a passive fear response 
monitored with freezing. SAL and ANI groups 
displayed equivalent levels of avoidance of the 
target zone in response to light activation of the 
DG engram (Fig. 3A). Second, in our previous 
study we showed that an application of the stan- 
dard protocol (20 Hz) for activation of the CA1 
engram was not effective for memory recall (77). 
However, we found that a 4-Hz protocol applied 
to the CAl engram of the SAL and ANI groups 
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elicited similar recovery from amnesia (Fig. 3B). 
Third, we used tone fear conditioning (TFC) and 
manipulated the fear engram in lateral amygdala 
(LA) (26) and found light-induced recovery of 
memory from amnesia. Fourth, we asked whether 
amnesia caused by disruption of reconsolida- 
tion of a contextual fear memory (27, 28) can 
also be recovered through the light-activation of 
DG engram cells, which was found to be the 
case (Fig. 4A). We applied the memory incep- 
tion method (supplementary materials, mate- 
rials and methods) (17, 29) to DG engram cells 
and found that both SAL and ANI groups showed 
freezing behavior that was specific to the original 
context A, demonstrating that light-activated con- 
text A engrams formed in the presence of ANI 
can function as a conditioned stimulus (CS) in a 
context-specific manner (Fig. 4B). Last, we tested 
the longevity of CFC amnesic engrams for mem- 
ory recovery by means of light activation and 
found that memory recall could be observed 
8 days after training (fig. S13). 
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Fig. 3. Recovery of memory from amnesia under a variety of conditions. 
(A) DG engram activation and optogenetic place avoidance (OptoPA). During 
habituation, neither group displayed significant avoidance of target zone. For 
natural recall, the ANI group (n = 10 mice) displayed significantly less freezing 
than SAL group (n = 12 mice) in context B (P < 0.005). SAL and ANI groups 
displayed similar levels of OptoPA. (B) CA1 engram activation and CFC. 
1 day after CFC (test 1), ANI group (n = 9 mice) displayed significantly less 
freezing than that of SAL group (n = 10 mice) in context B (P < 0.01). Two 
days after training (engram activation), light-activation of CAl engrams 
elicited freezing in both SAL (P < 0.01) and ANI groups (P < 0.001). Three 


1010 = 29 MAY 2015 + VOL 348 ISSUE 6238 


days after training (test 2), ANI group froze less than did SAL group in context B 
(P < 0.01). (C) LA engram activation and TFC. The behavioral schedule was 
identical to that in Fig. 3B, except that context tests were replaced with tone tests 
in context C (supplementary materials, materials and methods). (Left) Example 
image of ChR2-mCherry labeling of LA neurons. Of DAPI cells, 2% were labeled 
with ChR2. (Right) One day after training (test 1), ANI group (n = 9 mice) displayed 
significantly less freezing to tone than did SAL group (n = 9 mice) (P < 0.05). Two 
days after training (engram activation), significant light-induced freezing was ob- 
served for both SAL (P < 0.005) and ANI groups (P < 0.005). Three days after 
training (test 2), ANI group froze less to tone than did SAL group (P < 0.05). 
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Interactions between the hippocampus and 
amygdala are crucial for contextual fear memory 
encoding and retrieval (78). c-Fos expression in- 
creases in the hippocampus and amygdala upon 
exposure of an animal to conditioned stimuli 
(30, 31). These previous observations open up the 
possibility of obtaining cellular-level evidence to 
support the behavioral-level finding that the 
recovery from amnesia can be accomplished with 
direct light activation of ANI-treated DG engram 
cells. Thus, we compared the effects of natural re- 
call and light-induced recall on amygdala c-Fos* 
cell counts in amnesic mice (Fig. 5, A to C). c-Fos* 
cell counts (Fig. 5B) were significantly lower in 
basolateral amygdala (BLA) and central amygdala 
(CeA) of ANI-treated mice as compared with SAL 
mice when natural recall cues were delivered, show- 
ing that amygdala activity correlates with fear 
memory expression (Fig. 5C). In contrast, light- 
induced activation of the contextual engram cells 
resulted in equivalent amygdala c-Fos* counts in 
SAL and ANI groups (Fig. 5C), which supports 
the optogenetic behavioral data. 

Next, we modified this protocol in order to 
include labeling of CA3 and BLA engram cells 
with mCherry and examined the effects of light- 
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induced activation of DG engram cells on the 
overlap of mCherry* engram cells and c-Fos* 
recall-activated cells in CA3 and BLA (Fig. 5D). 
The purpose of this experiment was to investigate 
whether there is preferential connectivity between 
the upstream engram cells in DG and the down- 
stream engram cells in CA3 or BLA. Natural re- 
call cues resulted in above-chance c-Fos*/mCherry* 
overlap in both CA3 and BLA, which supports 
the physiological connectivity data (Fig. 5, E to 
K). c-Fos*/mCherry* overlap was significantly re- 
duced in the ANI group as compared with the 
SAL group but was still higher than chance lev- 
els, presumably reflecting incomplete amnesic 
effects of ANI (Fig. 5K). Light-activation of DG en- 
gram cells resulted in equivalent c-Fos*/mCherry* 
overlap as natural cue-induced recall, and this was 
unaffected by post-CFC ANI treatment. These 
data suggest that there is preferential and protein 
synthesis—independent functional connectivity be- 
tween DG and CA3 engram cells, which sup- 
ports the physiological data (Fig. 1G), and that 
this connectivity also applies between DG and 
BLA engram cells. 

We previously showed that DG cells activated 
during CFC training and labeled with ChR2 via 
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the promoter of an immediate early gene (IEG) 
can evoke a freezing response when they are 
reactivated optogenetically 1 to 2 days later (16), 
and this has since been achieved in the cortex 
(21). We have also shown that these DG cells, if 
light-activated while receiving an unconditioned 
stimulus (US), can serve as a surrogate context- 
specific CS to create a false CS-US association 
(7, 18), and that activation of DG or amygdala 
engram cells can induce place preference (18). 
Furthermore, recent studies showed that opto- 
genetic inhibition of these cells in DG, CA3, or 
CA1 impairs expression of a CFC memory (19, 20). 
Together, these findings show that engram cells 
activated through CFC training are both sufficient 
and necessary to evoke memory recall, satisfying 
two crucial attributes in defining a component of 
a contextual fear memory engram (75). What has 
been left to be demonstrated, however, is that 
these DG cells undergo enduring physical changes 
as an experience is encoded and its memory is 
consolidated. Although synaptic potentiation 
has long been suspected as a fundamental mech- 
anism for memory and as a crucial component of 
the enduring physical changes induced by expe- 
rience, this has not been directly demonstrated, 
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Fig. 4. Reconsolidation and memory updating. (A) DG engram activation 
and CFC reconsolidation. ANI (n = 11 mice) and SAL (n = 11 mice) groups 
showed similar levels of ChR2 labeling. Both groups showed light-induced 
freezing behavior 1 day after training (engram activation 1), pre-SAL (P < 
0.001), pre-ANI (P < 0.02). Two days after training (test 1), the fear memory 
was reactivated by exposure to context B, and SAL or ANI was injected. Three 
days after training (test 2), the ANI group froze significantly less than did the 
SAL group to context B (P < 0.01). Four days after training (engram activation 
2), significant light-induced freezing was observed for the SAL (P < 0.001) and 
ANI (P< 0.003) groups. (B) DG inception (supplementary materials, 
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materials and methods) after contextual memory amnesia. Context-only 
engram was labeled for target context A, followed by injection of SAL (n = 11 
mice) or ANI (n = 11 mice). Amnesia was demonstrated in the ANI group 
through decreased ChR2*/c-Fos* colabeling after context A reexposure 1 day 
after labeling. After fear inception, neither SAL nor ANI groups displayed 
freezing behavior in context B, whereas both groups displayed significant 
freezing in context A, with no significant difference between groups. No-light 
inception SAL (n = 7 mice) and ANI (n = 6 mice) controls displayed no freezing 
to context A or B. Statistical comparisons are performed by using unpaired 
t tests; ***P < 0.001. Data are presented as mean + SEM. 
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until the current study, as a property of the en- 
gram cells. Our data have directly linked the 
optogenetically and behaviorally defined mem- 
ory engram cells to synaptic plasticity. 

On the basis of a large volume of previous 
studies, (1-3, 7, 8, 32-34), a concept has emerged 


Fig. 5. Amygdala activation and functional con- 
nectivity in amnesia through light activation of 
DG engram. (A) Schedule for cell-counting experi- 
ments. Mice were either given a natural recall ses- 
sion in context B or a light-induced recall session in 
context A. Mice were perfused 1 hour after recall. 
(B) Representative image showing c-Fos expres- 
sion in the BLA and CeA. (C) c-Fos" cell counts in 
the BLA and CeA of mice after natural or light- 
induced recall (n = 3 or 4 mice per group). (D) 
Schedule for cell-counting experiments. c-Fos-tTA 
mice with AAVo-TRE-ChR2-EYFP injected into the 
DG and AAVo-TRE-mCherry injected into both CA3 
and BLA were fear-conditioned off DOX and 1 day 
later were given a natural recall session in context 
B or a light-induced recall session in context A. 
Mice were perfused 1 hour after recall. (E to G) 
Representative images showing mCherry engram 
cell labeling, c-Fos expression, and mCherry*/c-Fos* 
overlap in CA3. (H_ to J) Representative images 
showing mCherry engram cell labeling, c-Fos ex- 
pression, and mCherry/c-Fos overlap in BLA. (K) 
c-Fos*/mCherry* overlap cell counts in CA3 and 
BLA of mice after natural or light-induced recall 
(n = 3 or 4 mice per group). Chance levels were 
estimated at 0.76 (CA3) and 0.42 (BLA). Data 
are presented as mean + SEM. Statistical com- 
parison are performed by using unpaired t tests; 
*P'<0:05,:**P'< O01, 
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in which retrograde amnesia arises from con- 
solidation failure as a result of disrupting the 
process that converts a fragile memory engram, 
formed during the encoding phase, into a stable 
engram with persistently augmented synaptic 
strength and spine density. Indeed, our current 
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study has demonstrated that amnesic engram 
cells in the DG 1 day after CFC training display 
low levels of synaptic strength and spine density 
that are indistinguishable from nonengram 
cells of the same DG. This correlated with a lack 
of memory recall elicited by contextual cues. 
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However, direct activation of DG engram cells of 
the ANI group elicited as much freezing behav- 
ior as did the activation of these cells of the SAL 
group. This unexpected finding is supported by 
a set of additional cellular and behavioral exper- 
iments. Whereas amygdala engram cell reactiva- 
tion upon exposure to the conditioned context is 
significantly lower in the ANI group as compared 
with the SAL group, optogenetic activation of DG 
engram cells results in normal reactivation of 
downstream CA3 and BLA engram cells (Fig. 5). 
At the behavioral level, the amnesia rescue was 
observed under a variety of different conditions 
in which one or more parameters were altered 
(Figs. 2 and 3 and figs. S9 and S13). Thus, our 
overall findings indicate that memory engrams 
survive a posttraining administration of protein 
synthesis inhibitors during the consolidation 
window and that the memory remains retriev- 
able by means of ChR2-mediated direct engram 
activation even after retrograde amnesia is in- 
duced. The drive initiated with light-activation 
of one component of a distributed memory en- 
gram (such as that in the DG) is sufficient to re- 
activate engrams in downstream regions (such 
as that in CA3 and BLA) that would also be af- 
fected by the systemic injection of a protein syn- 
thesis inhibitor (ANI). 

These findings suggest that although a rapid 
increase of synaptic strength is likely to be cru- 
cial during the encoding phase, the augmented 
synaptic strength is not a crucial component of 
the stored memory (35-37). This perspective is 
consistent with a recent study showing that an 
artificial memory could be reversibly disrupted 
by depression of synaptic strength (38). On the 
other hand, persistent and specific connectivity 
of engram cells that we find between DG en- 
gram cells and downstream CA3 or BLA engram 
cells in both SAL and ANI groups may represent 
a fundamental mechanism of memory informa- 
tion storage (39). Our findings also suggest that 
the primary role of augmented synaptic strength 
during and after the consolidation phase may be 
to provide natural recall cues with efficient access 
to the soma of engram cells for their reactivation 
and, hence, recall. 

The integrative memory engram-based ap- 
proach used here for parsing memory and am- 
nesia into encoding, consolidation, and retrieval 
aspects may be of wider use to other experimental 
and clinical cases of amnesia, such as Alzheimer’s 
disease (40). 
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Unlearning implicit social biases 


during sleep 


Xiaoqing Hu,” James W. Antony,’ Jessica D. Creery,' [liana M. Vargas,* 


Galen V. Bodenhausen,’ Ken A. Paller’* 


Although people may endorse egalitarianism and tolerance, social biases can remain 
operative and drive harmful actions in an unconscious manner. Here, we investigated 
training to reduce implicit racial and gender bias. Forty participants processed 
counterstereotype information paired with one sound for each type of bias. Biases were 
reduced immediately after training. During subsequent slow-wave sleep, one sound was 
unobtrusively presented to each participant, repeatedly, to reactivate one type of training. 
Corresponding bias reductions were fortified in comparison with the social bias not 
externally reactivated during sleep. This advantage remained 1 week later, the magnitude 
of which was associated with time in slow-wave and rapid-eye-movement sleep after 
training. We conclude that memory reactivation during sleep enhances counterstereotype 
training and that maintaining a bias reduction is sleep-dependent. 


ocial interactions are often fraught with 
bias. Our preconceptions about other peo- 
ple can influence many types of behavior. 
For example, documented policing errors 
have repeatedly shown the potential harm 
of racial profiling (7). In experiments that used a 
first-person-shooter videogame, both White and 
Black participants were more likely to shoot Black 


Department of Psychology, Northwestern University, 
Evanston, IL 60208, USA. “Department of Psychology, 
University of Texas at Austin, Austin, TX 78712, USA. 
5Princeton Neuroscience Institute, Princeton University, 
Princeton, NJ 08544, USA. 

*Corresponding author. E-mail: kap@northwestern.edu 


than White individuals, even when they held a 
harmless object rather than a gun (2). When hiring 
potential research assistants, both male and female 
faculty members were more likely to hire male 
than equally qualified female candidates (3). 
Although the tendency for people to endorse 
racist or sexist attitudes explicitly has decreased 
in recent years (4), social biases may nevertheless 
influence people’s behavior in an implicit or un- 
conscious manner, regardless of their intentions 
or efforts to avoid bias (5). Ample evidence indi- 
cates that implicit biases can drive discriminatory 
behaviors and exacerbate intergroup conflict 
(5-8). For instance, implicit racial biases decrease 
investments given to racial out-group members 
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in a trust game (6). At a broader level, the gender 
gap in science achievement in a nation is corre- 
lated with the level of implicit stereotyping of 
females as not having an aptitude for science (8). 

Whereas discriminatory behaviors can be detri- 
mental to individuals and society, implicit social 
bias can be difficult to correct because of a range 
of affective, cognitive, motivational, and social 
factors, as follows (9, 10). First, out-group mem- 
bers can be perceived as threatening, and the fear 
response to those individuals can resist extinc- 
tion (12). Second, biases are acquired over many 
years of exposure to stereotypes, and they can ef- 
ficiently operate without occupying cognitive re- 
sources (5, 10). Third, motivation to seek higher 
status or self-enhancement commonly results in 
out-group derogation (9, 10). Last, perceived so- 
cial norms can prescribe people’s expression of 
stereotyping and prejudice (72). Despite such 
challenges, implicit biases can be reduced by 
learning about counterstereotype cases (13). How- 
ever, benefits of this counterbias training can be 
fragile, subject to reversal when the original stereo- 
types are again reinforced in typical circumstances, 
such as through the media (/4). Longer-term re- 
ductions in implicit social biases may necessitate 
that counterbias training be followed by further 
memory consolidation, as is the case for many 
other types of learning (15). 

Recent findings suggest that memory consoli- 
dation during sleep may be essential for preserving 
newly acquired information, such as declarative 
and procedural memories (15-19). During sleep, 
information recently stored in the brain can be in- 
tegrated with other information and transformed 
into stable representations through a process 
known as systems-level consolidation (75). The 
mechanisms of this transformation are thought 
to involve repeated reactivation of information, 
particularly during sleep, leading to subsequent 
improvement in postsleep memory performance 
(19-24). 

Taking into consideration the role of sleep in 
memory consolidation, we adapted procedures 
for (i) reducing implicit social biases and (ii) re- 
activating this training during sleep. We were 
particularly interested in factors that can influ- 
ence whether such training procedures produce 
transient or persistent effects. Because pervasive 
stereotypes in the media and broader culture 
could function to regenerate a bias that is mo- 
mentarily reduced (14), maintaining the benefits 
of training is crucial for the ultimate usefulness 
of potential bias-reducing interventions. 

We reactivated counterbias information dur- 
ing sleep using subtle auditory cues that had been 
associated with counterbias training. Participants 
were White males and females from a university 
community (NV = 40) and were recruited as two 
subsamples that allowed for a direct replication 
(25). First, biases were quantified using two ver- 
sions of the implicit association test (IAT) (26). 
The IAT allows for an assessment of the strength 
of implicit associations between social groups 
and attributes (26). One test examined the degree 
to which female faces were preferentially asso- 
ciated with art versus science words—or the re- 
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verse for male faces (gender-bias IAT). The other 
test examined the degree to which Black faces 
were preferentially associated with bad versus 
good words—or the reverse for White faces (racial- 
bias IAT). Results were quantified by using a con- 
ventional scoring procedure (27), in which zero 
indicates no bias and larger scores indicate greater 
bias. Consistent with previous research (7), [AT 
scores showed that participants held implicit so- 
cial biases for both gender and race, with both 
scores significantly greater than zero [mean + 
SEM, 0.559 + 0.044; gender #(39) = 9.076, P < 
0.001; race #(39) = 8.388, P < 0.001]. 

After this confirmation of baseline levels of 
implicit bias, participants engaged in training 
designed to reduce gender and racial bias (13). In 


A Counter-Bias Training 


¢ 360 face-word pairs, with 180 counter-stereotype target pairs 
in each type of training 
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both cases, bias reduction was expected because 
participants intentionally selected counterstereo- 
type information intermixed with other informa- 
tion. Participants viewed several types of face-word 
pairing but were required to attend and respond 
only to pairings that countered the typical bias 
(Fig. 1A) (25). Two unusual frequency-modulated 
sounds were presented during training, one after 
correct counter-gender bias responses and the 
other after correct counter-racial bias responses. 
To reinforce these associations, we administered 
another task wherein the same two sounds 
prompted participants to form a corresponding 
face-word pairing (25). Training thus established 
a strong association between each sound and 
one type of counterbias training. 
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Fig. 1. Experimental procedures and results. (A) Procedures for counterbias training with sound cues. 
(B) Implicit bias reduction was found for both counter-—racial bias training and counter—gender stereotype 
training. Bias was measured using the IAT before training (baseline) and after training (prenap). Error bars 
indicate +1 SEM adjusted for within-subject comparisons. (C) Procedures for the nap phase of the 
experiment, when one sound was repeatedly played to participants during SWS, using a low intensity to 
avoid arousal from sleep. (D) The change in implicit bias from prenap to postnap diverged as a function of 
cueing condition, with a further reduction only for the cued social bias. (E) The change in implicit bias 
from prenap to the 1-week delay diverged as a function of cueing condition, with a significant increase 
only for the uncued social bias. (F) The change in implicit bias from baseline to the 1-week delay diverged 
as a function of cueing condition, with a significant reduction only for the cued social bias. Significant 
pairwise differences are indicated: *P < 0.05 or **P < 0.01. 
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Biases were reduced compared with baseline 
levels (Fig. 1B) [within-subject analysis of vari- 
ance (ANOVA), Figo = 15.453, P < 0.001, np» = 
0.284]. The mean IAT score was 0.559 at baseline 
and 0.335 at the prenap test. This bias reduction 
did not differ as a function of bias type (Fi39 = 
1.840, P = 0.183). 

Next, participants were invited to take a 90-min 
afternoon nap (Fig. 1C; see table S1 for sleep-stage 
information). When electroencephalographic sig- 
nals showed clear signs of slow-wave sleep (SWS), 
we repeatedly played one auditory cue, randomly 
selected as the counter-gender bias sound (7 = 21) 
or the counter-racial bias sound (n = 19). Stim- 
ulation was discontinued at any sign of arousal 
from sleep. The number of presentations averaged 
258 + 24 (SEM). 

Implicit biases were measured again after 
waking. Bias change from prenap to postnap varied 
with cueing condition as predicted [substantiated 
by a two-way interaction (cued or uncued by pre- 
nap or postnap), F,39 = 14.612, P < 0.001, n,” = 0.273). 
As shown in Fig. 1D, implicit bias was significantly 
reduced from prenap to postnap when cued [#(39) = 
2.698, P = 0.010] and unchanged when not cued 
[t(39) = -1.378, P = 0.176] (fig. S1 and S2). This 
differential bias reduction was not moderated by 
bias type (fig. S3). Thus, reactivating counterbias 
learning during sleep can selectively reduce implicit 
racial or gender bias, depending on which form 
of counterbias training was cued. 

Implicit biases were measured again after 1 week, 
revealing that the differential bias reduction en- 
dured (Fig. IE) (n = 38; F,37 = 4.672, P = 0.037, ny” = 
0.112). Cueing during sleep resulted in sustained 
counterbias reduction, such that the cued bias did 
not differ between prenap and delayed testing 


Differential bias change 


0 200 400 600 
SWS x REM sleep duration (min) 


Fig. 2. Relation between long-term bias reduction 
and sleep physiology. The quality of sleep after train- 
ing as indexed by the product of (minutes in SWS) x 
(minutes in REM sleep), predicted differential bias 
change, quantified as follows. Given that standardized 
implicit bias scores were preferentially reduced for 
the cued relative to uncued condition overall (Fig. 1F), 
we computed the reduction separately for cued and 
uncued conditions [(baseline score) — (delayed score) 
in both cases]. Differential bias change was taken as 
the cued reduction minus the uncued reduction, such 
that higher values indicated larger bias reduction over 
this interval for the cued compared to the uncued bias. 
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[t(37) = -0.774, P = 0.444], whereas the uncued 
bias increased during the delay [#(37) = -3.078, P = 
0.004]. When compared with baseline (Fig. 1F), 
cued biases were weaker after 1 week [4(37) = 2.203, 
P = 0.034], whereas uncued biases were not [4(37) = 
0.524, P = 0.603], although the interaction was not 
significant (F,37 = 0.471, P = 0.497). 

Neurophysiological activity during sleep—such 
as sleep spindles, slow waves, and rapid-eye- 
movement (REM) duration—can predict later 
memory performance (17). Accordingly, we ex- 
plored possible relations between cueing-specific 
bias reduction and measures of sleep physiology. 
We found that only SWS x REM sleep duration 
consistently predicted cueing-specific bias reduc- 
tion at 1 week relative to baseline (Fig. 2) [7(38) = 
0.450, P = 0.005] (25). 

Past research indicates that by pairing learn- 
ing episodes with auditory or olfactory stimuli 
and then presenting these stimuli again during 
postlearning SWS, learned information can be 
specifically reactivated and strengthened (19). 
Benefits of this targeted memory reactivation 
(TMR) have been documented for declarative, 
procedural, and emotional memories (9). Such 
learning typically does not challenge preexisting 
knowledge nor compete with daily experiences 
outside the laboratory. In contrast, we examined 
learning-induced changes in long-standing social 
biases. We showed that selectively reactivating 
counterbias learning during sleep weakened pre- 
existing implicit social biases immediately after 
the nap and facilitated the retention of this learn- 
ing going forward. Without TMR during sleep, 
training effects tended to dissipate, and the bias 
returned to baseline levels. These results thus 
enlarge our conception of sleep’s role in socially 
relevant learning. 

Observed relations between sleep neurophy- 
siology and behavior further reinforced the con- 
clusion that bias reduction is sleep-dependent. 
Current thinking about consolidation empha- 
sizes sets of cortical networks that can become 
integrated through interactions with hippocam- 
pal networks, possibly by means of cyclic SWS- 
REM periods (15-17, 28). The correlation with 
SWS x REM duration implicates a benefit from 
REM-based processing subsequent to SWS-based 
reactivation, perhaps to integrate learning within 
associative knowledge networks. These findings 
support the notion that both SWS and REM are 
operative in sleep-dependent memory conso- 
lidation (16, 17, 28, 29). 

Future research is needed to address many out- 
standing questions in relation to our findings. For 
example, how much training is needed to make 
implicit benefits persist for long periods of time 
and transfer to explicit benefits in interpersonal 
interactions? To what extent do persistent ben- 
efits depend on repeated training, the nature of 
other waking activities after training, and repeated 
memory reactivation during sleep? Although IAT 
measures are imperfect and may sometimes reflect 
knowledge of cultural stereotypes rather than im- 
plicit bias per se (30), prior research has demon- 
strated consequences for social behavior, such that 
low implicit bias as measured with the IAT may 


indeed be linked with egalitarianism (6, 7). Given 
that training to reduce implicit bias can be con- 
ceptualized as a type of habit learning (37), perhaps 
novel sleep manipulations could be adapted to 
aid people in changing various unwanted or mal- 
adaptive habits, such as smoking, unhealthy eat- 
ing, catastrophizing, or selfishness (32). 
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PALEOCLIMATE 


Enhanced tropical methane 
production in response to iceberg 
discharge in the North Atlantic 


Rachael H. Rhodes,’* Edward J. Brook,’ John C. H. Chiang,” Thomas Blunier,? 
Olivia J. Maselli,* Joseph R. McConnell,* Daniele Romanini,” Jeffrey P. Severinghaus® 


The causal mechanisms responsible for the abrupt climate changes of the Last Glacial 
Period remain unclear. One major difficulty is dating ice-rafted debris deposits associated 
with Heinrich events: Extensive iceberg influxes into the North Atlantic Ocean linked to 
global impacts on climate and biogeochemistry. In a new ice core record of atmospheric 
methane with ultrahigh temporal resolution, we find abrupt methane increases within Heinrich 
stadials 1, 2, 4, and 5 that, uniquely, have no counterparts in Greenland temperature proxies. 
Using a heuristic model of tropical rainfall distribution, we propose that Hudson Strait 
Heinrich events caused rainfall intensification over Southern Hemisphere land areas, thereby 
producing excess methane in tropical wetlands. Our findings suggest that the climatic impacts 
of Heinrich events persisted for 740 to 1520 years. 


aleoclimate proxy evidence suggests that 

the climatic impacts of Heinrich events 

extended far beyond the North Atlantic 

basin (7). Enduring questions include 

whether Heinrich events initiated climate 
change or occurred in response to it, and how 
they may be linked to abrupt millennial-scale cli- 
mate oscillations, typified by Dansgaard-Oeschger 
(DO) cycles in Greenland ice cores (2). Early cor- 
relation between DO cycle variability and sea 
surface temperature (SST) proxies found that 
Heinrich events occurred within the coldest, longest 
stadials of the Greenland 8'°Ojce record (3), re- 
ferred to as Heinrich stadials (HSs) 1 to 6. This 
correlation could suggest causation: The addition 
of fresh water causes a shutdown of the Atlantic 
meridional overturning circulation (AMOC) and 
prolonged cold conditions (4). However, proxy 
evidence suggests that AMOC had already slowed 
and that North Atlantic SSTs were already cold 
before ice-rafted debris (IRD) deposition, challeng- 
ing this view (2). Reconstructing event phasing 
across different proxy records is hampered by the 
difficulty in dating Heinrich sediment deposits 
(2). As of yet, the intrastadial timings of individ- 
ual Heinrich events have not been well deter- 
mined, and estimates of individual event duration 
vary by an order of magnitude (7). The sequence 
and phasing of millennial-scale climate pheno- 
mena appear to be intrinsically linked to the ini- 
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tiation of deglaciation (5), providing additional 
impetus for investigation. 

Here we present a precise, highly resolved record 
of atmospheric methane (CH,) concentrations, 
determined by a recently developed continuous 
measurement technique (6), for the Last Gla- 
cial Period and the deglacial transition from 
the West Antarctic Ice Sheet (WAIS) Divide (WD) 
ice core (Fig. 1). Ice core CH, is a globally inte- 
grated signal, primarily reflecting the response 
of the terrestrial biosphere, predominantly wet- 
lands, to hydroclimatic change (7). The WD trace 
gas record is especially appropriate for paleo- 
reconstruction because rapid occlusion of air 
bubbles in the firn column results in minimal 
smoothing of atmospheric signals (estimated gas 
age distribution width 20 to 50 years, fig. S1). The 
sampling resolution of our CH, record varies be- 
tween 0.5 and 13 years, meaning that all climate- 
driven CH, signals preserved in the ice are 
captured (8). Continuous CH, analysis produces 
measurements with excellent internal precision 
[s + 0.5 parts per billion (ppb), 20] that are re- 
producible to within +3 ppb (20) over intervals of 
days to weeks (table S1). 

Our continuous CH, record spanning 67.2 to 
9.8 thousand years before the present (ky B.P.) 
(present = 1950 CE) (Fig. 1) resolves growth rates 
that exceed maximum values previously reported 
for abrupt climate transitions in this time period 
(9), the fastest rate occurring at the Younger 
Dryas termination (>6 ppb year’). These are 
minimum estimates of atmospheric growth rate, 
because firn-related smoothing processes may 
have attenuated rapid atmospheric CH, changes. 
We observe no systematic decrease in CH, growth 
rate across successive DO interstadial onsets (9); 
however, CH, growth from stadial to interstadial 
is significantly faster than decay back to stadial 
levels. 

WD CH, covaries with Greenland &°0,.. and 
Hulu cave 8°Ocatcite at millennial to centennial 


time scales (Fig. 1). The close correspondence of 
these records can be related to latitudinal shifts 
in the Intertropical Convergence Zone (ITCZ) and 
its terrestrial component, which we refer to as 
tropical rain belts; during warm interstadials, the 
tropical rain belts migrate northward, intensifying 
Northern Hemisphere monsoonal rainfall and 
wetland CH, production, whereas the reverse oc- 
curs in cool stadials (7, 10). Southern Hemisphere 
monsoonal strength proxies show an antiphase 
relationship across DO cycles: relatively wet dur- 
ing stadials and dry during interstadials (Fig. 1E). 
However, these relationships break down within 
HSs 1, 2, 4, and 5. 

In each case, the early HS is characterized by 
relatively low CH, concentrations, and the late 
HS commences with an abrupt 32 to 53 ppb CH, 
increase (Fig. 2), which occurs at growth rates 
comparable to those of DO interstadial onsets 
(Fig. 1A). Within late HSs 4 and 5, CH, concen- 
trations overshoot before returning to a stable 
level after ~ 90 and 160 years, respectively (Fig. 2). 
No overshoot associated with the abrupt CH, 
increase within HS 2 (24.03 ky B.P.) is resolved, 
possibly due to inadequate sampling resolution 
through this section (Fig. 2). The Greenland ice 
core temperature proxy 5”°N of Ny indicates clear- 
ly that this abrupt CH, increase is not associated 
with DO 2, which occurred >750 years later (fig. S7). 
CH, concentrations are steadily rising through- 
out HS 1as a result of deglaciation, but an abrupt 
increase of 32 ppb is resolved at 16.15 ky B.P. (11). 
CH, levels return to the underlying trend within 
~190 years. All late HS phases are characterized 
by elevated CH, concentrations, relative to early 
HS phases, that persist until the following DO 
event (Fig. 2). No similar anomalous CH, signals 
are observed within other stadials, including HSs 
3, 5a, and 6 (fig. S3). 

The abrupt CH, signals within HSs 1, 2, 4, and 
5 are comparable in magnitude and rate to DO 
interstadial onsets (Fig. 1A), and yet CH, appears 
to be completely decoupled from Greenland 
5'Oic5e (Fig. 2) and &°N (12). Neither temper- 
ature proxy shows the complementary abrupt 
increases characteristic of interstadials. Further- 
more, the CH, signals of HSs 1, 2, 4, and 5 are 
associated with isotopic enrichment of Hulu 
5'Ocatcite (Fig. 2) rather than depletion, indicat- 
ing reduction in the strength of the East Asian 
monsoon (10). The excess CH, within late HSs 1, 
2, 4, and 5 must therefore result from funda- 
mentally different climatic conditions than in- 
terstadial CH... 

Other paleoclimate proxies from the Arabian 
Sea (73), northern Africa (14), and Borneo (15) 
provide evidence for anomalously dry condi- 
tions across the Northern Hemisphere during 
HSs. Furthermore, South American speleothems 
(Figs. 1 and 2), Australian sediment archives (16), 
and ice core 5'°O,im data (17) (fig. S8) suggest 
concurrent intensification of precipitation across 
the Southern Hemisphere tropics and subtropics 
during these intervals. Taken together, the paleo- 
climatic evidence suggests that the ITCZ occu- 
pied an extreme southerly location during HSs. 
Absolute dates on the Hulu speleothem in HSs 
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land 2, and speleothems from NE Brazil in HS 
1 only, indicate that this southerly shift occurred 
abruptly partway through the stadial, as the anom- 
alous CH, signals do (Fig. 2). Southerly ITCZ 
displacement can occur in response to North- 
ern Hemisphere cooling and sea-ice expansion 
(8) and is a consistent outcome of freshwater 
hosing experiments (19, 20) designed to simulate 
the effects of iceberg discharge. 


This leads us to hypothesize that extended sea- 
ice cover and associated cold air temperatures in 
the north, resulting from Heinrich events (J), se- 
verely restricted the northerly seasonal migra- 
tion of the tropical rain belts, forcing them to 
reside at southerly latitudes for longer periods 
during their seasonal evolution, thereby extend- 
ing and intensifying the wet season across the 
Southern Hemisphere. A similar change in pre- 
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Fig. 1. WD continuous CH, and other environmental proxies. (A) WD CH, growth rates between -1 to 
1 ppb year+ (dark green) and growth rates exceeding these bounds (light green), plotted with vertical gray 
lines marking interstadial onsets; (B) CH, 2-year spline fit (red) (8) on the WD2014 time scale; (C) North 
Greenland Ice Core Project (NGRIP) 8!°0i.¢ 20-year mean record (five-point running mean, dark blue) 
(27) on a modified Greenland Ice Core Chronology 2005 time scale (8); (D) Hulu cave (China) 8 Ocatcite 
from speleothems: H82 (black) (28), MSD (light gray) and MSL (dark gray) (10) (note inverted y axis); 
(E) Pacupahuain (Peru) speleothem 8!Ocaicite (three-point running mean, dark purple) (29); and (F) Ca/Sr, 
an indicator of detrital carbonate, from marine sediment core U1208 (reoccupied Deep Sea Drilling Project 
site 609) (30) and IRD stack of North Atlantic sediment cores (arbitrary units multiplied by 300) (26). HSs 
1 to 6 are shaded: pale yellow-shaded HSs contain Heinrich events sourced from the Hudson Strait (high 
Ca/Sr) and pale blue-shaded HSs contain Heinrich events with a different (or mixed) provenance. Even- 
numbered DO cycles and the Balling/Allerad (B/A) and Younger Dryas (YD) intervals are indicated. 
VSMOW, Vienna standard mean ocean water; VPDB, Vienna Bee Dee belemnite standard. 
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cipitation seasonality across South America has 
been observed in response to an extreme fresh- 
water hosing experiment (20). If the resultant 
gain in Southern Hemisphere tropical wetlands 
were to exceed the loss in the north, a net gain of 
CH,-producing wetland would result. The excess 
stadial CH, we observe could therefore have 
been sourced from the Southern Hemisphere, as 
speculated for individual events (JI, 27). 

A first-order comparison of WD CH, and 
Greenland CH, data (9) suggests that little change 
in the CH, interpolar difference occurred between 
early and late HSs 4 and 5, supporting our hypo- 
thesized tropical source for the additional CH,. 
Ice core CH, isotopic data may also indicate an 
increased contribution of Southern Hemisphere 
wetlands to the CH, budget during late HS 4 (2D). 

To explore our idea quantitatively, we use a 
heuristic approach in which the modern-day 
seasonal distribution of tropical (40°S to 40°N) 
land rainfall is modified in an idealized manner. 
We adopt an intense precipitation threshold 
[monthly average >5 mm day ! (8)] as indicative 
of potential wetland presence. We highlight that 
potential wetland area peaks twice a year using 
this metric, once during the summer (monsoon 
season) of each hemisphere (Fig. 3A), which is 
similar to the seasonal distribution of tropical 
CH, emissions (22). The land rainfall distribu- 
tion is modified by incrementally reducing the 
intensity of the boreal summer land rainfall peak 
and redistributing that rainfall, forcing it to oc- 
cupy more southerly latitudes during the transi- 
tional seasons (fig. S5) (8). 

As the boreal summer rainfall maximum is 
progressively reduced, the land area with intense 
rainfall in boreal summer decreases (Fig. 3A), as 
does the annual average of land area with in- 
tense rainfall (Fig. 3B). This is consistent with 
colder stadials having lower CH, concentrations, 
as observed (Fig. 1). A minimum in the annual 
average land area with intense rainfall is reached 
at ~60% of the boreal summer rainfall peak am- 
plitude, corresponding to an ~7% total loss of 
potential wetland area. Crucially, a further reduc- 
tion of boreal summer rainfall causes a relative 
increase in potential wetland area of 400,400 km? 
as compared to the minimum (Fig. 3B), primarily 
during October and November (Fig. 3A). 

Assuming that all of this additional land is 
indeed wetland, the increase can be roughly ap- 
proximated to an increase in CH, emissions of 
29 Tg year ' (8). This outcome should be treated 
with caution because, although rainfall is a pow- 
erful control on tropical wetland CH, emissions, 
several other factors, which we do not account 
for, influence wetland formation and/or CH, 
emissions (23). However, our ice core CH, data 
show a similar magnitude of CH, emissions rate 
increase (6.5 to 21.2 Tg year") between early and 
late HS phases (8), supporting our approach. This 
scenario provides a simple, heuristic explanation 
for the observations, but more complex changes in 
rainfall distribution, not captured by our seasonal 
modification, probably occurred. For example, 
warmer Southern Hemisphere temperatures may 
have caused southward movement of the austral 


29 MAY 2015 * VOL 348 ISSUE 6238 1017 


RESEARCH | REPORTS 


summer rainfall peak (24), whereas we assume an 
unaltered austral summer rainfall peak. We have 
not adopted a coupled climate-biogeochemistry 
modeling approach because it is not yet clear how 
to effectively represent a regular Greenlandic sta- 
dial versus a Heinrich stadial; the different processes 


occurring in the North Atlantic are not adequately 
understood. 

Given the framework outlined above—increased 
Southern Hemisphere CH, production in response 
to Northern Hemisphere cooling caused by a 
Heinrich event—and given that the atmospheric 


reorganization can occur within a decade (J8), 
we propose timings for the first impacts of 
Heinrich events on tropical hydroclimate, which 
could closely correspond to the initiation of the 
Heinrich events themselves. The CH, increases 
we ascribe to Heinrich events 1, 2, 4, and 5 are 


Fig. 2. Detailed view of HSs 1, 2, 4, and 5. Abrupt CH, in- 
creases (A) linked to the onset of Heinrich events are observed 
within HSs 1, 2, 4, and 5. Discrete CH, measurements (brown 
symbols) used to construct the CH, 2-year spline fit [red, (8)] 
within HS 2 are displayed. HSs are divided into early HSs (green 
shading), before the abrupt CH, increase (left-hand vertical 
line), and late HSs (yellow shading). NGRIP (Greenland) 8'°Oice 
(27) [(B), five-point running mean, dark blue] shows no abrupt 
temperature signal in HSs 1, 2, 4, and 5. Hulu (China) 38 O calcite 
(10, 28) (C) suggests weakening of the East Asian monsoon, 
whereas growth phases of speleothems from northeastern Brazil 
(31) [(D), purple diamonds] suggest strengthening of the South 
American summer monsoon. U-Th age control points for Hulu 
speleothems are displayed for HSs 2, 4, and 5 (black/gray 
diamonds) with 2o uncertainties. Age control points for HS1 
are too numerous to display. A stack of IRD records from North 
Atlantic sediment cores is displayed [(E), purple] with upper 
(pale blue) and lower (dark blue) 95% confidence intervals in 
age model (26). Late HSs durations, suggested as maximum 
durations for the climatic impacts of Heinrich events, are indi- 
cated with 20 uncertainty estimates (8). Yellow shading is ex- 
tended upward to highlight speleothem signals with timings 
coincident with late HSs 1 and 2. 


Fig. 3. Effect of increased Southern Hemisphere weighting 
of tropical rainfall seasonality on intense land rainfall dis- 
tribution. (A) Monthly distribution of the percent of land area 
with intense (monthly average >5 mm day?) rainfall within 40°S 
to 40°N. Modern-day monthly distribution peaks twice a year, 
once in the summer of each hemisphere (black). The effect of 
modifying rainfall seasonality on this distribution is shown. 
Rainfall seasonality becomes increasingly Southern Hemisphere— 
weighted by incrementally reducing the intensity of the boreal 
summer land rainfall peak, from 100% (black) to 90% (blue), 
80% (light blue), 70% (dark green), 60% (light green), and 50% 
(orange), with the austral summer rainfall peak held fixed (8). 
(B) Annual mean percent of land area with intense rainfall for 
the same increments of the boreal summer land rainfall peak 
amplitude. 
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dated as 16.13 + 0.12 ky BP., 24.03 + 0.37 ky BP., 
39.54 + 0.38 ky B.P. and 48.39 + 0.38 ky B.P., 
respectively, in the WD2014 chronology (25) [20 
uncertainty (8)]. Our proposed ages for Heinrich 
events 1 and 2 match the timing of maximum 
IRD observed in a stack of North Atlantic sed- 
iment records (26) (Fig. 2), and closely correspond 
to calibrated “C-based estimates (J). Despite these 
encouraging signs, we cannot be certain of the 
phasing of events. For example, the scenario of 
Northern Hemisphere cooling leading to CH, 
increase that we describe could potentially occur 
before the Heinrich event, maybe even triggering 
the event. This seems an unlikely possibility, giv- 
en the requirement for another forcing mecha- 
nism, the abrupt nature of the CH, signals, and 
their unique occurrence in Heinrich stadials, but 
it cannot be ruled out. 

The direct impact of a Heinrich event must 
cease once the ensuing interstadial commences 
and Northern Hemisphere climate warms (Fig. 1). 
We calculated maximum durations for the clima- 
tic impact of individual Heinrich events, perhaps 
largely on tropical hydrology, as ranging from 
740 to 1520 years (Fig. 2). These estimates are sig- 
nificantly higher than the best guess for the du- 
ration of the actual iceberg armada (1 to 500 years) 
(1). We therefore suggest that this duration is 
related to a prolonged state of severely slowed 
or collapsed AMOC, maintained by extensive 
North Atlantic sea ice. This does not preclude the 
likelihood that AMOC was already relatively weak 
before Heinrich events, but rather explains why 
AMOC strength remained low through an ex- 
tended stadial period when most coupled models 
suggest recovery of the overturning circulation 
within a few hundred years (19). The late HS plat- 
eaus in CH, concentration, particularly in HSs 4 
and 5, are remarkably stable in comparison to 
interstadials (Fig. 1), suggesting limited variabil- 
ity in tropical precipitation and a relatively stable 
AMOC state. It is tempting to speculate on whether 
we capture information about the actual iceberg 
armada duration in the ~90- to 190-year CH, over- 
shoots resolved during HSs 1, 4, and 5 (Fig. 2). 
However, short-duration CH, overshoots are not 
unique to these events and are in fact a feature of 
nearly all interstadial onsets, possibly resulting 
from an intrinsic response of the atmospheric sys- 
tem to rapid reorganization or intensive methano- 
genesis in newly inundated wetlands. 

We suggest that our results provide motivation 
for climate modeling experiments to further in- 
vestigate the difference between regular stadials 
and Heinrich stadials in the North Atlantic re- 
gion and their respective impacts on tropical cli- 
mate. Moreover, it is intriguing that only Heinrich 
events 1, 2, 4, and 5 are associated with Southern 
Hemisphere CH, signals. These four Heinrich 
events have relatively thick and spatially exten- 
sive sediment deposits, rich in detrital carbonate 
(Fig. 1) sourced from the Hudson Strait, and are 
linked to surging of the Laurentide ice sheet 
(1). Were the remaining Heinrich events too in- 
significant in scale to greatly perturb tropical 
climate, or did they not influence the same 
climate-sensitive location? 
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Extensive fine-scale genetic diversity is found in many microbial species across varied 
environments, but for most, the evolutionary scenarios that generate the observed 
variation remain unclear. Deep sequencing of a thermophilic cyanobacterial population and 
analysis of the statistics of synonymous single-nucleotide polymorphisms revealed a 
high rate of homologous recombination and departures from neutral drift consistent with 
the effects of genetic hitchhiking. A sequenced isolate genome resembled an unlinked 
random mixture of the allelic diversity at the sampled loci. These observations suggested 
a quasisexual microbial population that occupies a broad ecological niche, with 

selection driving frequencies of alleles rather than whole genomes. 


he traditional view of clonal bacterial pop- 
ulations in laboratory or clinical settings 
contrasts with the genetic diversity ob- 
served in environmental populations (J-4). 
Clusters of genotypes are often found (5, 6), 
and neutral drift alone could, in principle, ac- 
count for them. However, even moderate rates 
of homologous recombination (HR) can prevent 
clustering on genomic scales (7), whereas with- 
out recombination, occasional periodic selection 
would eliminate the diversity. An alternative sce- 


nario is that microbial species contain numer- 
ous subpopulations occupying discrete ecological 
niches, or ecotypes (8). In marine Prochlorococcus, 
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dated as 16.13 + 0.12 ky BP., 24.03 + 0.37 ky BP., 
39.54 + 0.38 ky B.P. and 48.39 + 0.38 ky B.P., 
respectively, in the WD2014 chronology (25) [20 
uncertainty (8)]. Our proposed ages for Heinrich 
events 1 and 2 match the timing of maximum 
IRD observed in a stack of North Atlantic sed- 
iment records (26) (Fig. 2), and closely correspond 
to calibrated “C-based estimates (J). Despite these 
encouraging signs, we cannot be certain of the 
phasing of events. For example, the scenario of 
Northern Hemisphere cooling leading to CH, 
increase that we describe could potentially occur 
before the Heinrich event, maybe even triggering 
the event. This seems an unlikely possibility, giv- 
en the requirement for another forcing mecha- 
nism, the abrupt nature of the CH, signals, and 
their unique occurrence in Heinrich stadials, but 
it cannot be ruled out. 

The direct impact of a Heinrich event must 
cease once the ensuing interstadial commences 
and Northern Hemisphere climate warms (Fig. 1). 
We calculated maximum durations for the clima- 
tic impact of individual Heinrich events, perhaps 
largely on tropical hydrology, as ranging from 
740 to 1520 years (Fig. 2). These estimates are sig- 
nificantly higher than the best guess for the du- 
ration of the actual iceberg armada (1 to 500 years) 
(1). We therefore suggest that this duration is 
related to a prolonged state of severely slowed 
or collapsed AMOC, maintained by extensive 
North Atlantic sea ice. This does not preclude the 
likelihood that AMOC was already relatively weak 
before Heinrich events, but rather explains why 
AMOC strength remained low through an ex- 
tended stadial period when most coupled models 
suggest recovery of the overturning circulation 
within a few hundred years (19). The late HS plat- 
eaus in CH, concentration, particularly in HSs 4 
and 5, are remarkably stable in comparison to 
interstadials (Fig. 1), suggesting limited variabil- 
ity in tropical precipitation and a relatively stable 
AMOC state. It is tempting to speculate on whether 
we capture information about the actual iceberg 
armada duration in the ~90- to 190-year CH, over- 
shoots resolved during HSs 1, 4, and 5 (Fig. 2). 
However, short-duration CH, overshoots are not 
unique to these events and are in fact a feature of 
nearly all interstadial onsets, possibly resulting 
from an intrinsic response of the atmospheric sys- 
tem to rapid reorganization or intensive methano- 
genesis in newly inundated wetlands. 

We suggest that our results provide motivation 
for climate modeling experiments to further in- 
vestigate the difference between regular stadials 
and Heinrich stadials in the North Atlantic re- 
gion and their respective impacts on tropical cli- 
mate. Moreover, it is intriguing that only Heinrich 
events 1, 2, 4, and 5 are associated with Southern 
Hemisphere CH, signals. These four Heinrich 
events have relatively thick and spatially exten- 
sive sediment deposits, rich in detrital carbonate 
(Fig. 1) sourced from the Hudson Strait, and are 
linked to surging of the Laurentide ice sheet 
(1). Were the remaining Heinrich events too in- 
significant in scale to greatly perturb tropical 
climate, or did they not influence the same 
climate-sensitive location? 
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Extensive fine-scale genetic diversity is found in many microbial species across varied 
environments, but for most, the evolutionary scenarios that generate the observed 
variation remain unclear. Deep sequencing of a thermophilic cyanobacterial population and 
analysis of the statistics of synonymous single-nucleotide polymorphisms revealed a 
high rate of homologous recombination and departures from neutral drift consistent with 
the effects of genetic hitchhiking. A sequenced isolate genome resembled an unlinked 
random mixture of the allelic diversity at the sampled loci. These observations suggested 
a quasisexual microbial population that occupies a broad ecological niche, with 

selection driving frequencies of alleles rather than whole genomes. 


he traditional view of clonal bacterial pop- 
ulations in laboratory or clinical settings 
contrasts with the genetic diversity ob- 
served in environmental populations (J-4). 
Clusters of genotypes are often found (5, 6), 
and neutral drift alone could, in principle, ac- 
count for them. However, even moderate rates 
of homologous recombination (HR) can prevent 
clustering on genomic scales (7), whereas with- 
out recombination, occasional periodic selection 
would eliminate the diversity. An alternative sce- 


nario is that microbial species contain numer- 
ous subpopulations occupying discrete ecological 
niches, or ecotypes (8). In marine Prochlorococcus, 
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a recent study revealed the presence of multiple 
genomic backbones—i.., clusters of core genomes 
associated with different ecological conditions 
and with low between-cluster rates of recombi- 
nation (7). More extensive recombination is in- 
ferred in other populations. For marine Vibrio 
and thermophilic archaea (3, 4), a scenario has 
been proposed in which recombination is fast 
enough to enable genes to sweep through en- 
vironments in which they confer fitness with- 
out purging genome-wide diversity. Ecological 
differentiation takes place when the colonization 
of a new microenvironment generates recom- 
bination barriers between subtypes, ultimately 
leading to distinguishable genomic clusters re- 
sembling incipient speciation (9). Here, we pro- 
duce evidence that some microbial populations 
may maintain a cloud of fine-scale genotypic and 
phenotypic diversity, with varying selection act- 
ing on individual loci (and combinations of loci) 
but without subdivision into genome-wide sub- 
types. Such a population spread over a range 
of environmental conditions resembles a sex- 
ual population occupying a broad niche. 

Studies of cyanobacteria in (Synechococcus 
sp.) the dense phototrophic biofilms (“microbial 
mats”) that develop along hot spring effluent 
channels in Yellowstone National Park establish 
that there are correlations between environmental 
gradients and genetic variation at several loci 
(0, 11). This is interpreted as evidence for the 
presence of ecotypes (72). Comparative genomics 
of two recently sequenced Synechococcus iso- 
lates (Syn OS-A and Syn OS-B’) from these bio- 
films reveals that they are closely related yet show 
extensive large and small genomic rearrange- 
ments (13). Metagenomic data corroborates this 
and also reveals evidence of recent horizontal gene 
transfer events (13). Furthermore, Synechococcus 
sp. are capable of natural transformation (/4), 
have several active transposons (73, 15), and are 
host to cyanophages (16), all of which facilitate 
DNA exchange within closely related populations 
living in close proximity. This raises questions of 
whether the genome-scale linkage that should 
be associated with ecological subpopulations is 
detectable and whether genomic backbones can 
be identified in these populations. 

Multilocus sequence typing (MLST) [the se- 
quencing of a small number of loci from collec- 
tions of (usually pathogenic) isolates] has been 
used extensively to identify variants (77) and, 
more recently, to analyze recombination (78). To 
examine the Synechococcus populations, we de- 
veloped a variant of MLST in which we performed 
deep amplicon sequencing of multiple loci di- 
rectly from the population (without isolating 
individuals) followed by correction of polymer- 
ase chain reaction (PCR) and sequencing errors 
(19). We focused on correlations within loci be- 
cause they are more informative than the low- 
level linkage between loci when recombination 
rates are high. This protocol avoids the need for 
any potential biases associated with the isola- 
tion of multiple distinct clonal populations. 

We used the previously sequenced Syn OS-A 
and Syn OS-B’ genomes and metagenomic data 
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to design primers optimized to maximally capture 
allelic diversity within the Synechococcus popula- 
tion at 90 genomic regions located along the ge- 
nomes (20). Template DNA was isolated from 
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a microbial mat sample collected from a 50°C 
region of the effluent channel at Mushroom Spring 
(12). Both ends of the 90 amplicons (i.e., a total of 
180 loci) were sequenced to an average depth of 
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Fig. 1. Diversity of alleles. Neighbor-joining trees of alleles, with the leaf area being proportional to log 
of allele frequency. (A) 16S rRNA alleles. The gray circle highlights the 3% diameter cluster typically used 
to define an OTU designating a bacterial “species”. The genomes Syn OS-B’ (blue) and Syn OS-A (red) 
are shown. (B) A locus containing both genic and intergenic sequence (88 alleles derived from 2058 
reads). Syn OS-B' (blue) is identical to an allele with 11 reads, while Syn OS-A (red) is not among the 
alleles at this locus. The dashed gray line marks 10% sequence divergence from the most abundant 
allele (green). (C) The spectrum of allele frequencies for 77 loci is ordered along the Syn OS-B’ genome 
(left to right) and from most abundant to least abundant at each locus (bottom to top). The allele closest 
to Syn OS-B' is blue when identical, white when >5 SNPs away, and intermediate shades of blue when 
1 to 2 or 3 to 5 SNPs away. When not closest to Syn OS-B’, the most abundant allele is green, and all 
other alleles are colored as alternating yellow and orange. 
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1000x and trimmed to a uniform 400-nucleotide 
(nt) length (a total of ~65.4 Mb, the equivalent of 
>20x coverage of the 3.1 Mb Syn OS-B’ genome). 
To reliably distinguish true allelic variation from 
PCR-generated errors (27), we applied an algorithm 
[DADA (19)] that exploits variation in sequence 
abundances and the distances between them to 
parametrize a simple error model and correct er- 
rors in the raw reads (see fig. S1 for a schematic 
overview). Consistency checks, particularly using 
the contrast between the statistics of nonsynon- 
ymous and synonymous single-nucleotide polymor- 
phisms (SNPs) in the sample (the ratio d,/d, of 
the numbers of differences between alleles aver- 
ages ~0.14) and those of PCR errors, which are 
agnostic to this difference, validated that the vast 
majority of inferred alleles, including many with 
only a single read, are real and cannot be ascribed 
to errors (20). Furthermore, comparison of the 
inferred alleles to sequenced bacterial genomes 
indicates that even these rare alleles almost all 
have best matches to Syn OS-A or Syn OS-B’ (sup- 
plementary materials, text 1). 
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At the 16S ribosomal RNA (rRNA) locus (V1 to 
V3 segment, 438 nt), the most abundant allele 
was identical to the Syn OS-B’ isolate, consistent 
with previous findings that Syn OS-B’ has the 
dominant V7 to V8 16S allele at 56°C (72). Within 
the 3% sequence-divergence diameter operation- 
al taxonomic unit (OTU) centered on this allele, 
there were 20 other alleles, which comprised 93% 
of the Synechococcus-like reads. Farther away, we 
identified another 17 Synechococcus alleles, in- 
cluding a few reads identical to Syn OS-A, which is 
rare at 50°C but common at ~65°C (Fig. 1A) (73). 

Other loci were more diverse. Focusing on the 
136 loci with >300 reads (of the 180 sequenced), 
we found an average per site heterozygosity (the 
probability that a random pair of reads differ 
at a random site) of x = 3.5% (compare tyes = 
0.5%) and an average of 44: alleles (range 7 to 121). 
Figure 1B shows a typical locus with 88 inferred 
nucleotide alleles. Each locus had a spectrum of 
allele abundances, from tens of percent to <0.1%. 
Figure 1C depicts these allele frequencies at 77 of 
the loci (one end of each amplicon with >300 


—o- drift [observed 
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reads) ordered along the Syn OS-B’ genome. This 
graphical view shows how variable the patterns 
of diversity were across the genome. Further- 
more, there is no obvious correlation between 
nearby loci, which provides a first hint that 
linkage may be very limited. 

Recent recombination events between well- 
diverged alleles produce alleles with a character- 
istic “chimeric” structure that is easy to recognize 
(fig. S2). After finding the most likely pair of 
parents for each allele, even with conservative 
criteria, we observed >700 examples of chimeric 
alleles (table S1). An additional d,/d, consist- 
ency check (table $2) showed that most cannot 
be chimeras caused by PCR; for alleles one or 
two SNPs away from being a chimeric mixture 
of two parent alleles, these SNPs had a strong 
synonymous skew relative to the expectation 
from errors (22). The large number of chimeric 
alleles suggested that homologous recombina- 
tion is common, but we could not estimate the 
rate at which it occurs because recombination 
events between highly similar parents, or far 


Fig. 2. Frequency statistics and 
linkage correlations between pairs 
of SNPs. (A) The inverse of the 
average linkage correlations, <r?> = 
<(fat — fafo)°/Lfa(1 — fa)fo(1 — fo) ]> 
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(20), are shown as a function of SNP 
separation. Red, full data; blue, the 
main cloud, including only alleles 
within <10% of the most abundant 
allele. The drift expectations, with an 
observed heterozygosity of x = 0.03 
and three values of p — 0.01 (a rough 
best fit), 0.035 (giving a similar slope), 
and 0.1 (giving a similar fractional 
increase), generated numerically with 
ER2, are shown for comparison (26). 
(B) SFS for the synonymous SNPs in 
the main cloud. The roughly log- 
spaced frequency bins are chosen so 
that the neutral-drift expectation 
(dots) is flat (cutoff by the read 
depth). (C to E) Two-dimensional 
histograms of the frequencies of pairs 
of SNPs from alleles in the main cloud; 
each bin shows on a logarithmic color 
scale the ratio of the number of SNP 
pairs with minority allele frequencies 
f, and fp, and the expected number if 
the frequencies were drawn indepen- 
dently from the SFS. (C) Tightly linked 
SNP pairs are separated by at most 
12 nt, with (D) an asexual drift 
simulation for comparison; (E) data for 
several ranges of separations between 
the SNPs (with ~6400 pairs in each 
window). The frequency ranges that 
could be studied with the 10x and 100x 
depths typical of WGS and MLST, 
respectively, are indicated in 

(C) and (D). 
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in the past (and hence obscured by subsequent 
mutations and recombinations), are not pos- 
sible to identify directly. We therefore turned 
to statistical methods to probe recombination 
quantitatively. 

If recombination rates are comparable to mu- 
tation rates, inferring recombination events rel- 
ative to an asexual phylogeny, as often done for 
MLST and whole-genome sequencing (WGS) data 
(23, 24), is not feasible. Likelihood-based methods 
(25) can be used to infer recombination param- 
eters without an underlying phylogeny. However, 
these methods are based on the assumptions of 
a well-mixed population with neutral drift and 
unrestricted recombination and thus can ob- 
scure potentially informative deviations from 
model assumptions. Extensive deep sequencing 
data allowed us to avoid the pitfalls of fitting to 
particular models. 

The >7500 synonymous SNPs that we observed 
serve as convenient neutral markers. Within loci 
were >50,000 pairs of these SNPs. We studied 
the dependence of the frequency statistics on the 
within-pair separation, x. Each pair has four haplo- 
types, AB (the most abundant), Ab, aB, and ab, 
with frequencies fxp, fap, fap, and fi. If a is large, 
and thus recombination frequent enough to un- 
link the two sites, then the frequencies will be- 
come independent—i.e., fay = fafp (with fa = fan + 
Sag the frequency of SNP a). But if the sites are 
close together, systematic deviations from this 
linkage equilibrium are likely. 

A measure of the linkage disequilibrium is 7”, 
with r normalized to be unity with full linkage— 


Frequency 
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ie., when only AB and ab are observed. Figure 2A 
shows the inverse of 7” as a function of separa- 
tion zw. For the complete data set, linkage de- 
cayed only slightly with distance (Fig. 2A, red 
circles). However, this masked the behavior of 
the large majority of the population because out- 
liers dominated the average linkage. Considering 
only alleles within some cutoff distance from 
the most abundant, a more rapid decay of r? 
with separation was observed as the cutoff was 
decreased. Including only the alleles within 10% 
of the most abundant (corresponding to 92% of 
the reads, coincidentally the same fraction as 
the 3% diameter OTU from the 16S rRNA) char- 
acterized well the behavior within an ad hoc 
“main cloud” (fig. S3A). We also analyzed meta- 
genomic data from a higher temperature sample 
(13), finding similar behavior (fig. S3B): linkage 
decayed comparably rapidly, although within a 
narrower (5% cutoff) cloud. These metagenomic 
data were much shallower, but because the 
DNA was not amplified and thus not subject to 
potential PCR-generated recombination artifacts, 
they provided an independent confirmation. 
Within the main cloud of the amplicon data, 
linkage dropped by a factor of 10 over 300 nt 
(Fig. 2A) (og, a related measure of linkage, be- 
haves similarly, as defined and shown in fig. S4). 
As 1/(7”) is roughly proportional to the proba- 
bility that a recombination event has unlinked the 
sites since the SNPs occurred (26), the slope of 
this curve is related to p = RT, where R is the rate 
of creation of a recombination break point be- 
tween neighboring sites and T is the average time 
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Fig. 3. Syn OS-B’ as a random mixture of the allelic diversity. The rank-frequency spectrum of the 
alleles most similar to the Syn OS-B’ genome at each locus (blue-white scale from Fig. 1). For com- 
parison, two simple models of genomes are shown: an unlinked, highly recombinant model [the yellow 
band contains the central 95% of the frequencies at each rank across 10° simulations (20)] and 20 
samples from a neutral asexual model with @ = 0.02 chosen to match the per-site heterozygosity of the 
data [gray lines (20)]. The green points show the frequencies of the most abundant alleles. 
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since the most recent common ancestor. The data 
thus suggest that p is in the range 10 to 101, 
which is at the very high end of values inferred for 
free-living bacteria (27) and similar to some path- 
ogens (28, 29). Because the synonymous heterozy- 
gosity, ms, is determined by the product of T and 
the mutation rate per site, 1, and was found to be 
~3% in the main cloud, this implies that the mu- 
tation rate and recombination rates are about the 
same, ie, R ~ uw. At larger separations than the 
typical length 5 of the DNA fragments exchanged, 
the decay of linkage should saturate. That it did 
not saturate by x = 300 nt suggests that 6 is 
considerably longer than this, consistent with 
inferences for other bacteria (28, 30). 

With abundant data extending to low frequen- 
cies, more can be gleaned from the SNP pair sta- 
tistics than p. Nearby pairs [with 6 >> 2] within 
the main cloud (Fig. 2A) were more linked than 
expected for a population driven solely by neu- 
tral drift and random recombination (26). To 
explore this excess linkage, we studied the joint 
distribution of the SNP frequencies f, and fj. 
For the main cloud, the single-site SNP frequen- 
cy spectrum (SFS) (Fig. 2B) had a roughly sim- 
ilar form to the drift expectation, albeit with a 
dip in the 1 to 10% frequency range, (see fig. S5A 
for the full data), but the frequency correlations 
of nearby SNP pairs differed strikingly from 
drift. Over a broad range of frequency f;, in the 
histogram of Fig. 2C, there was a strong excess 
of SNPs pairs along the diagonal (i.e., with f, ~ A), 
relative to the expectation under the independence 
of the two SNPs. This contrasted with asexual 
drift (Fig. 2D), for which only a small excess would 
occur and only at high frequencies. Much of the 
excess correlation, as well as the additional link- 
age in Fig. 2A, was caused by an abundance of 
AB-ab pairs in the absence of other combina- 
tions, so that fay = fa = Jp. 

Over time, correlations between allele frequen- 
cies are, like linkage, broken up by recombina- 
tion, although only indirectly (from AB and ab 
pairs, recombination must first produce Ab and 
aB before fluctuations in allele frequencies can 
break up the correlation between f, and f,,). Thus, 
the frequency correlations should decay with sep- 
aration. In Fig. 2E, the joint-frequency histograms 
for increasing separation ranges exhibited this 
decay, but the correlations persisted over larger 
separations at lower frequencies, consistent with 
low-frequency SNPs being, on average, younger 
(see fig. S5, C and D, for a comparison with full 
data and drift simulations). Together, the data in 
Fig. 2, A and E, show that by 300 base pairs (bp) 
the four pair-haplotype frequencies were close 
to being independent. This is strong evidence 
against the presence of subpopulations within 
the main cloud, as these would manifest as a 
persistence of frequency correlations. 

Despite the weak decay of linkage in the full 
data, the probability of observing recently formed 
chimeric alleles with one parent inside the main 
cloud and the other outside is consistent with 
recombination occurring at similar rates inside 
and outside the main cloud (table S3). The ob- 
served persistence of linkage to longer distances 
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could instead result from selection against recom- 
binants with the outliers because of epistatic 
incompatibilities (37) suppressing older recom- 
bination events and increasing linkage. How- 
ever, we cannot rule out some spurious linkage 
being produced by biased sampling from the 
choice of PCR primers or other effects. 

At least within the main cloud, the precipitous 
decay of linkage within loci, without evidence of 
saturation, indicated that there might be very 
little residual linkage at genomic distance scales. 
Genomic-scale linkage has been studied by se- 
quencing whole genomes (J, 3, 4), which requires 
multiple isolates and can be technically challeng- 
ing. We chose an alternate approach in which 
allele frequency information from the amplicon 
data were combined with the extended linkage 
information of the Syn OS-B’ genome. 

We asked what scenario for the population 
best describes the relationship of the Syn OS- 
B’ genome to the observed allelic diversity. If the 
population were predominantly clonal, a typical 
genome of the dominant 16S ribotype, such as 
Syn OS-B’, would tend to be similar to high- 
frequency alleles in other genomic regions; how- 
ever, at 23 loci, Syn OS-B’ is not even in the main 
cloud. More broadly, the alleles closest to Syn 
OS-B’ exhibited a wide range of distances, indi- 
cated by the shades of blue in Fig. 1C and abun- 
dances, which are shown rank-ordered in Fig. 3. 
Thus, the Syn OS-B’ genome does not represent 
a dominant genotype (see the distribution of 
top allele abundances shown in green), but that 
does not exclude the possibility of a dominant 
genomic backbone as seen in Prochlorococcus 
(1). To assess this, we compared two scenarios. At 
one extreme, we considered the simplest asexual 
model: a neutrally drifting population with Syn 
OS-B’ a random member. Such rank-frequency 
spectra are widely variable (gray lines in Fig. 3) 
but generally rather flat because of the correlations 
between loci arising from a common phylogeny. 
At the other extreme, we considered a sexual 
population that is completely unlinked from one 
locus to the next, with genomes in which each 
locus consists of a population-frequency-weighted 
random allele, as shown by the yellow region in 
Fig. 3. In this latter case, there was little variability 
in the rank-frequency spectra. This extreme sexual 
model was a far better fit for Syn OS-B’, partic- 
ularly at high frequencies (this is also true for Syn 
OS-A) (fig. S6). We concluded that this cyano- 
bacterial population had undergone sufficient- 
ly extensive homologous recombination among 
close relatives (comprising at least 90% of the 
population) to make it similar to a sexual pop- 
ulation, in which genomes consist of random 
mixtures of alleles. 

The observation of rapidly decaying linkage is 
a feature that has often been used to infer high 
rates of recombination via fits to a drift model 
(32). Our statistical analysis of pairs of neutral 
SNPs simultaneously evaluated the drift model 
itself, revealing considerable departures that sug- 
gested distinctive dynamics. Selection on other 
parts of the genome, triggered by environmental 
or ecological changes, new beneficial alleles, or 
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other factors, can cause large changes in SNP 
frequencies before recombination unlinks them 
from the selected region. Recurrent hitchhiking 
events with a range of magnitudes can lead to 
single-SNP frequency spectra that are similar to 
drift, such as that observed. But the consequences 
for joint-frequency spectra of nearby pairs of SNPs 
can be very different. For example, in a popula- 
tion strongly dominated by AB, a single hitchhik- 
ing event could rapidly raise the ab frequency 
while leaving aB and Ab rare, in contrast to drift. 
Such events can give rise to the striking diagonal 
feature in the joint-frequency histogram evident 
in Fig. 2C and the large excess linkage at short 
distances shown in Fig. 2A. 

Without the depth of sequencing and error 
correction used in our study that enabled low- 
frequency variants to be identified, the striking 
departures from neutral drift could not have 
been identified. In Fig. 2, C and D, black squares 
show the more limited range of frequencies 
typical of MLST and even more of current WGS. 
Going forward, for deep microbial population 
sequencing to achieve its potential for under- 
standing underlying evolutionary dynamics, a 
range of scenarios, including recombination and 
recurrent hitchhiking with migration between 
local populations, needs to be explored. Theoret- 
ical predictions of correlations in multiple joint 
distributions and an understanding of which of 
these can best distinguish between scenarios are 
sorely needed. 

The existence and persistence of extensive fine- 
scale microbial diversity is particularly puzzling 
in a localized population in which multiple var- 
iants have persisted for T > 10° generations (cor- 
responding to the observed m and assuming a 
typical bacterial mutation rate of <10~*). Based 
on theoretical modeling (8) and sequencing of 
a small number of loci (12), this diversity has pre- 
viously been attributed to the existence of multi- 
ple discrete microniches occupied by ecotypes, 
with typical diameters <2% (11). But our results 
are inconsistent with the presence of multiple 
ecotypes, at least within the 20% diameter main 
cloud. This cyanobacterial population is thus a 
striking contrast to Prochlorococcus, for which 
multiple whole-genome ecotypes have been found 
each with ~1% diameter (7). We conjecture that 
in this dense biofilm with multiple local environ- 
mental gradients and ubiquitous recombination, 
the microbial population behaves as an effective- 
ly sexual species in which there are no discrete 
ecotypes or barriers to gene flow. Rather, it is a 
single population occupying a broad environ- 
mental niche, with spatially varying adaptation 
maintaining diversity at the scale of genes. For 
instance, Syn OS-A and Syn OS-B’ contain dif- 
ferent suites of genes encoding proteins required 
for the use of urea (13) and for phosphonate me- 
tabolism (33). These differences could have arisen 
as a result of varying selection pressures along the 
gradients that exist within the biofilms. Tempo- 
rally varying selection at some loci could drive the 
dynamics of the rest of the genome by hitchhik- 
ing, with high rates of recombination preventing 
genomic sweeps that would purge the diversity. 


The implications of such a scenario should moti- 
vate future studies of fine-scale microbial diversity 
in biofilms and other localized populations where 
the effects of nutrient, gas, and light gradients, 
fluctuations such as phage infections, and migra- 
tion can be explored. 
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CELL ADHESION 


Mechanical strain induces E-cadherin- 
dependent Yap! and B-catenin 
activation to drive cell cycle entry 


Blair W. Benham-Pyle,’ Beth L. Pruitt,”*?** W. James Nelson’*>* 


Mechanical strain regulates the development, organization, and function of multicellular 
tissues, but mechanisms linking mechanical strain and cell-cell junction proteins to cellular 
responses are poorly understood. Here, we showed that mechanical strain applied to 
quiescent epithelial cells induced rapid cell cycle reentry, mediated by independent nuclear 
accumulation and transcriptional activity of first Yap1 and then p-catenin. Inhibition of 
Yap1- and p-catenin—mediated transcription blocked cell cycle reentry and progression 
through G, into S phase, respectively. Maintenance of quiescence, Yap1 nuclear exclusion, 
and f-catenin transcriptional responses to mechanical strain required E-cadherin 
extracellular engagement. Thus, activation of Yap1 and p-catenin may represent a master 
regulator of mechanical strain-induced cell proliferation, and cadherins provide 

signaling centers required for cellular responses to externally applied force. 


ellular responses to mechanical force are 
important during development and dis- 
ease and involve reinforcing cell-cell and 
cell-extracellular matrix (ECM) adhesions, 
increased cytoskeletal stiffness, and regula- 
tion of cell fate (7-4). Increased ECM stiffness leads 
to cytoskeleton reorganization and cell cycle pro- 
gression by activating the Hippo pathway tran- 
scription factors Yap and Taz (5) downstream 
of actin remodeling factors (6), indicating that 
Yap is a mechanotransducer. However, less is 
known about signaling from cadherin-mediated 
cell-cell junctions following applied force. 

Classical cadherins couple neighboring cells 
through trans interactions between opposed extra- 
cellular domains and force-dependent linkage 
of the cytoplasmic domain to the actin cytoskel- 
eton through B-catenin and o-catenin (7-11), re- 
sulting in constitutive tension on E-cadherin at 
the plasma membrane (0). The cadherin-catenin 
complex is thought to regulate growth signaling 
by sequestering the transcription factors B-catenin 
and Yap1 (12-16) in the cytoplasm. However, it 
is unclear whether cadherin-mediated adhesion 
is required for the activation of B-catenin and 
Yap1 in response to mechanical force. 

To model mechanical force in multicellular tis- 
sues, dense monolayers of quiescent kidney epi- 
thelial (Madin-Darby canine kidney, MDCK) cells 
were formed on compliant silicone substrates 
in an integrated strain array (ISA) [fig. S1; see 
also (17)]. The ISA was used to apply and main- 
tain different levels of static biaxial stretch for 
different times (2 to 24 hours). Cells were then 
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processed for imaging, data acquisition, and 
analysis (see supplementary materials). Mechan- 
ical strain induced rapid cell cycle reentry (Ki67 
positive; Fig. 1, A and C, and fig. S2, A and C) and 
subsequent DNA replication and progression 
through S phase [EdU positive; Fig. 1, A and E, 
and fig. S2, B and D; see also (6)] into G. (Geminin 
positive; fig. S3). Most cells had entered S phase 
after 24 hours of strain application (Fig. 1E, 
“Q4T”), and higher levels of strain resulted in 
higher levels of cell cycle reentry (fig. S2). 

We examined whether the cadherin-associated 
transcriptional activators Yap1 and f-catenin re- 
sponded to mechanical strain. In the absence of 
mechanical strain, Yap] localized in the cytoplasm 
and cell cortex [Fig. 1A and fig. S4A; see also (73)]. 
B-Catenin localized at cell-cell contacts (Fig. 1A 
and fig. S5A), as expected due to cadherin binding 
(7) and proteasome-mediated degradation of ex- 
cess cytoplasmic f-catenin (18, 19). Upon mechan- 
ical strain, Yapl and f-catenin relocalized to the 
nucleus, but on different time scales. Nuclear Yap1 
was detected within 1 hour of strain application, 
peaked at 6 hours, and then declined rapidly to 
background levels (Fig. 1A and fig. S4, A and B). 
In contrast, nuclear fB-catenin was not observed 
until 6 hours following strain and remained over 
24 hours (Fig. 1A and fig. S5, A and B). 

We next determined if nuclear localization of 
Yap1 and B-catenin corresponded to their tran- 
scriptional activities. Analysis of the TBSmCherry 
reporter for Yap1 transcriptional activity [fig. S4C; 
(13)] revealed that, like Yap1 nuclear accumula- 
tion, activation following strain was rapid and 
peaked at 6 hours (Fig. 1, A and B, and fig. S4, D 
and E), then decreased before the majority of cells 
entering S phase (EdU positive; Fig. 1E and fig. 
$2, B and D). In contrast, B-catenin transcriptional 
activity measured with the TOPdGFP reporter 
(20) increased rapidly 6 hours after strain appli- 
cation, at the same time that nuclear B-catenin was 
detected (Fig. 1, A and D, and fig. S5). B-Catenin 


transcriptional activity then remained high (Fig. 
1D and fig. S5, D and E) as cells proceeded 
through S phase (Fig. 1E and fig S2, B and D). 
Thus, mechanical strain induced both Yap1- and 
B-catenin-mediated transcriptional activities, but 
at different times after strain application and 
transiently in the case of Yap1 (Fig. 1F). 

Although Yap1 activation preceded B-catenin 
activation by several hours following strain, we 
tested whether their activation was coupled. Ex- 
pression of the YAPI-TEAD inhibitory peptide 
(YTIP) disrupts interactions between Yap1 and 
TEA domain (TEAD) transcription factors and 
prevents transcription of Yap1/TEAD-targeted 
genes [fig. S6C; (27)]. When mechanical strain 
was applied to MDCK cells transiently express- 
ing GFP- or red fluorescent protein (RFP)-tagged 
YTIP, YTIP-positive cells did not have increased 
Yap] activity (Fig. 2A), Ki67 staining (Fig. 2, D and 
E, and fig. S6, E and F), or EdU incorporation 
(Fig. 2, F and G), in contrast to their untrans- 
fected neighbors. Similar results were obtained 
with Verteporfin (fig. S8), a small-molecule in- 
hibitor of Yapl binding to TEAD transcription 
factors (22). However, inhibition of Yap1 activ- 
ity with YTIP or Verteporfin did not block in- 
creased nuclear B-catenin levels (Fig. 2B and fig. 
S8) or f-catenin transcriptional activity fol- 
lowing mechanical strain (Fig. 2, B and C, and 
figs. S6, G and H, and S8). In the presence of 
Verteporfin, Yap1 was still detected in the nu- 
cleus after strain application even though it 
could not bind to TEAD transcription factors 
(fig. S8). Yap1 has been reported to co-regulate 
B-catenin transcriptional activity (23), but our 
results showed that in response to mechanical 
strain, nuclear Yap! levels peaked before nuclear 
B-catenin was detected and then decreased while 
nuclear B-catenin and TOPdGFP levels remained 
high (figs. S4A and S5). 

Thus, transient Yap1 activation was required 
for strain-induced cell cycle reentry, but neither 
Yap1/TEAD-mediated gene transcription nor cell 
cycle reentry was required for B-catenin nuclear 
accumulation or transcriptional activity. Addi- 
tionally, B-catenin transcriptional activity was not 
sufficient for strain-induced cell cycle reentry or 
progression in the absence of Yap1 activation. 

We next determined if $-catenin transcrip- 
tional activity was required for strain-induced 
cell cycle reentry and progression. The f-catenin- 
Engrailed chimera (BEng) selectively inhibits 
B-catenin-mediated transcription without af- 
fecting cadherin-mediated cell-cell adhesion 
(24) or density-dependent inhibition of prolif- 
eration (fig. S7). Application of mechanical strain 
in BEng-expressing cells induced nuclear accu- 
mulation of B-catenin (Fig. 3A) but did not re- 
sult in B-catenin transcriptional activity (Fig. 3D) 
or progression of cells into S phase (Fig. 3, A and 
C). However, cell cycle reentry (Fig. 3, A and B) 
and Yap1 nuclear localization and transcriptional 
activity (Fig. 3, A and E) were still induced by 
mechanical strain of BEng cells, similar to normal 
MDCK cells. Similar results were obtained with 
iCRT3 (fig. S8), a small-molecule inhibitor of 
B-catenin binding to TCF (25). Thus, B-catenin 
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transcriptional activity was not required for Yap1 
nuclear accumulation and transcriptional activ- 
ity or cell cycle reentry following strain but was 
required for cell cycle progression into S phase. 
These results are consistent with a model in 
which mechanical strain in a quiescent epithelial 
cell monolayer causes the transient nuclear lo- 
calization and transcriptional activation of Yapl, 
which is required for cell cycle reentry. Indepen- 
dently, strain also induces the nuclear localization 
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and transcriptional activation of B-catenin, which 
is required for progression into S phase. In mam- 
malian tissues, Yapl/TEAD-targeted genes pro- 
mote proliferation [connective tissue growth 
factor (CTGF), fibroblast growth factor (FGF), 
Amphiregulin (AREG), Ki67], anti-apoptosis (Birc5), 
and adhesion (Dsc3) (26-28), whereas B-catenin/ 
TCF/LEF-targeted genes include additional cell 
cycle regulators (c-Myc, Cyclin D1, AuroraA, cdc25) 
(29). Activation of Yap1 and B-catenin gene tar- 
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Fig. 1. Mechanical strain induces cell cycle reentry and sequential activation of Yap1 and f-catenin. 
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A) Distribution of Yap1 1 hour after no strain or 15% strain, TBSmCherry after 6 hours, Ki67 after 8 hours, 
B-catenin after 16 hours, TOPdGFP after 16 hours, and EdU incorporation after a 1-hour pulse (“Pulse”) 
before fixation at 6 hours, or total EdU incorporation over 24 hours (“Total”). Insets show higher mag- 
nification of the region outlined by a dotted line. (B to E) Levels of TBSmCherry (B), Ki67 (C), TOPdGFP 
D), and EdU (E) in MDCK monolayers 2 to 24 hours after mechanical strain; for methods used for 
quantification, see supplementary materials. (F) Summary of cell cycle responses to mechanical strain. 
Scale bars: 25 um. All quantifications were from at least three independent experiments with two replicate 
monolayers per experiment (table S1). Quantifications were mean + SEM; unpaired t test P values <0.05 
*), <0.01(**), and <0.001 (***). n.s, not significant. 


gets, therefore, is congruent with our model of 
cell cycle reentry following mechanical strain. 
Mechanisms of Yap1 and $-catenin nuclear local- 
ization are complex and involve many pathways 
(12, 15, 16, 30-32), and many cell surface recep- 
tors regulate responses to mechanical strain, in- 
cluding integrin-based adhesions to the ECM 
(33, 34). However, a specific role for E-cadherin 
extracellular domain binding between cells has 
not been tested. 

Rather than simply removing E-cadherin from 
MDCK cells, which would result in the loss of 
binding sites for Yap1 and B-catenin cytoplasmic 
sequestration, we used MDCK cells stably ex- 
pressing a mutant E-cadherin (T151) under con- 
trol of a doxycycline-repressible promoter (35). 
T151 comprises a truncated, nonfunctional extra- 
cellular domain, but a normal plasma membrane- 
tethered cytoplasmic domain that binds catenins. 
Expression of T151 caused the down-regulation 
of endogenous E-cadherin (fig. S9A), resulting in 
the complete loss of E-cadherin-mediated cell-cell 
adhesion, but does not prevent the formation of 
tight junctions and desmosomes (35), growth to 
confluence, or contact inhibition (fig. S9, B to D). 
Unlike normal MDCK cells at high cell densities, 
T151 monolayers without externally applied strain 
were Ki67-positive (Fig. 4, A and B) and had nu- 
clear Yapl (Fig. 4A) and increased TBSmCherry 
signal (Fig. 4D), consistent with cells being in G,. 
Whereas T151 monolayers appeared “primed” for 
cell cycle progression, levels of nuclear B-catenin 
(Fig. 4A), TOPdGFP (Fig. 4E), and EdU incor- 
poration were all low (Fig. 4C), indicating in- 
hibition of G,-to S-phase transitions. Application 
of mechanical strain to T151 monolayers did not 
increase the level of EdU incorporation (Fig. 4, A 
and C), nuclear B-catenin (Fig. 4A), or B-catenin 
transcriptional activity (Fig. 4E), indicating 
that cells had not progressed into S phase. Thus, 
in multicellular monolayers, coupling between 
E-cadherin extracellular domains is required to 
block cell cycle entry and sequester Yap1 in the 
cytoplasm and for strain-induced nuclear accu- 
mulation and transcriptional activity of B-catenin 
and subsequent cell cycle progression into S phase. 

Mechanical strain in epithelial monolayers re- 
sults in cell cycle reentry and progression through 
S phase by the nuclear accumulation and tran- 
scriptional activity of first Yap1 and then f-catenin. 
Activation of Yap1 is required for cell cycle re- 
entry, whereas B-catenin is required for pro- 
gression from G, to S phase. Specific inhibition 
of Yap1 and f-catenin transcription through use 
of two independent methods blocked cell cycle 
reentry and progression, respectively, indicating 
that other transcription factors were not sufficient 
for these critical responses to mechanical strain. 
Thus, activation of Yap1 and B-catenin may be a 
master regulator for cell cycle reentry and pro- 
gression through S phase following mechanical 
strain and an underlying mechanism for regula- 
tion of homeostasis in adult tissues. Finally, ex- 
tracellular E-cadherin engagement and f-catenin 
represent critical regulators of quiescence and 
strain-induced proliferation in multicellular as- 
semblies. Thus, cell-cell junctions are not only 
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Fig. 2. Yapl-mediated transcription is required 
for cell cycle reentry after mechanical strain, but 
not for p-catenin nuclear accumulation or tran- 
scriptional activity. (A) Percentage of TBSmCherry- 
positive cells in MDCK monolayers 4 hours after no 
strain or 15% strain in control (wild type, WT) and 
YTIP-GFP-expressing cells; (B) B-catenin and TOPdGFP 
distributions in YTIP-RFP—expressing cells and TOPAGFP 
quantification (C) after 8 hours; (D) Ki67 distribution 
and quantification (E) after 8 hours; and EdU incorpo- 
ration (F) and quantification (G) after 24 hours in WT 
or YTIP-expressing cells after no strain or 15% strain. 
YTIP-expressing cells outlined with white dashed lines; 
insets show higher magnification of the region out- 
lined by a dotted line. Scale bars: 25 um. All quan- 
tifications (See supplementary materials) were from at 
least three independent experiments with two replicate 
monolayers per experiment (table S1). Quantifications 
were mean + SEM; unpaired t test P values <0.05 (*), 
<0.01(**), and <0.001 (***). n.s, not significant. 


Fig. 3. B-catenin transcriptional activity was re- 
quired for cell cycle progression through G, into 
S phase after mechanical strain. (A) Distributions 
of Yapl 4 hours after no strain or 15% strain, Ki67 
and B-catenin after 8 hours, and EdU incorporation 
after 24 hours in control (WT) and BEng-expressing 
MDCK monolayers. Insets show higher magnifica- 
tion of the region outlined by a dotted line. Quanti- 
fication of Ki67 (B) and TOPdGFP (D) 8 hours after 
no strain or 15% strain, EdU (C) after 24 hours, and 
TBSmCherry (E) after 4 hours in control (WT) and 
BEng MDCK cells. Scale bars: 25 um. All quantifi- 
cations (see supplementary materials) were from 
at least three independent experiments with two 
replicate monolayers per experiment (table S1). 
Quantifications were mean + SEM; unpaired t test 
P values <0.05 (*), <0.01(**), and <0.001 (***). n.s, 
not significant. 


mechanically responsive structural scaffolds but 
also signaling centers that coordinate transcrip- 
tional responses to externally applied force. 
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Fig. 4. E-cadherin extracellular domain interac- 
tions were required for quiescence at high density, 
Yapl1 nuclear exclusion, and p-catenin activation 
following strain. (A) Distribution of Yapl after 4 hours, 
Ki67 and B-catenin after 8 hours, and EdU incorpo- 
ration after 24 hours in control (WT) and T151 MDCK 
monolayers after no strain or 15% strain. Insets show 
higher magnification of the region outlined by a 
dotted line. Quantification of Ki67 (B) and TOPdGFP 
(E) after 8 hours, EdU (C) after 24 hours, and 
TBSmCherry (D) after 4 hours in control (WT) and 
T151 MDCK cell monolayers after no strain or 15% 
strain. Scale bars: 25 um. All quantifications (see 
supplementary materials) were from at least three 
independent experiments with two replicate mono- 
layers per experiment (table S1). Quantifications 
were mean + SEM; unpaired t test P values <0.05 
(*), <0.001 (***). n.s, not significant. 
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STRESS RESPONSES 


Mutations in a translation initiation 
factor identify the target of a 
memory-enhancing compound 


Yusuke Sekine,’ Alisa Zyryanova,' Ana Crespillo-Casado,' Peter M. Fischer,” 
Heather P. Harding,’ David Ron’* 


The integrated stress response (ISR) modulates messenger RNA translation to regulate the 
mammalian unfolded protein response (UPR), immunity, and memory formation. A chemical 
ISR inhibitor, ISRIB, enhances cognitive function and modulates the UPR in vivo. To explore 
mechanisms involved in ISRIB action, we screened cultured mammalian cells for somatic 
mutations that reversed its effect on the ISR. Clustered missense mutations were found at 
the amino-terminal portion of the delta subunit of guanine nucleotide exchange factor (GEF) 
elF2B. When reintroduced by CRISPR-Cas9 gene editing of wild-type cells, these mutations 
reversed both ISRIB-mediated inhibition of the ISR and its stimulatory effect on elF2B GEF 
activity toward its substrate, the translation initiation factor elF2, in vitro. Thus, ISRIB targets an 
interaction between elF2 and elF2B that lies at the core of the ISR. 


he integrated stress response (ISR) is a widely 
conserved mechanism for coupling diverse 
upstream stresses to the phosphorylation 
of serine 51 in the o subunit of eukaryotic 
translation initiation factor 2 (eIF2qa) (J, 2). 


Underlying the eIF2o phosphorylation-dependent 
ISR is a potent attenuation in translation of most 
mRNAs and selective up-regulation of translation 
of a few special mRNAs that encode transcrip- 
tional regulators. The ISR thus activates a broad 
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translational and transcriptional program involved 
in resistance to unfolded protein stress in the en- 
doplasmic reticulum (ER stress) (3), intermediary 
metabolism (2), memory (4), and immunity (5). 

A small-molecule ISR inhibitor (ISRIB) exerts 
potent effects on the outcome of stress and on 
memory (6, 7). As expected, ISRIB interfered with 
the ISR without blocking phosphorylation of 
eIF2o (Fig. 1A), suggesting that its molecular 
target(s) lie between eIF2(aP) and its effects on 
the translational machinery. 

We tested ISRIB’s effects on mRNA translation 
in an in vitro assay-cell-free translation in reticulo- 
cyte lysates. Both ISRIB and the eIF2o kinase 
inhibitor GSK2606414 (8) increased the lumines- 
cent signal of reticulocyte lysates programmed 
with luciferase-encoding mRNA (fig. SLA). The 
effect of ISRIB was enhanced further through 
eIF2a phosphorylation, which was promoted by 
preincubating the lysate at 30°C before adding 
the luciferase mRNA (fig. S1, B and C). ISRIB’s 
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Metabolic Science and NIHR Cambridge Biomedical Research 
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median effective concentration (EC;,) for stim- 
ulating translation, 35 nM, was similar to that 
in vivo (6) and was restricted to the trans geometric 
isomer (Fig. 1B). Thus, the ISR imparted by resi- 
dent eIF2o kinase(s) in the reticulocyte lysate 
could be reversed by ISRIB. 

Phosphorylation of eIF2o inhibits protein syn- 
thesis by inhibiting eIF2B, a guanine nucleotide 
exchange factor (GEF), which accelerates the 
exchange of guanosine 5'-diphosphate (GDP) for 
guanosine 5’-triphosphatase (GTP) in the elF2 
complex (9, 10). To measure the effects of ISRIB 
on elF2B GEF activity, we established an assay in 
which the GEF activity in cell lysates (17) promoted 
the release of boron-dipyrromethene (BODIPY-FL)- 
conjugated GDP (hereafter [b]GDP) from purified 
eIF2, with an attendant decrease in fluorescent 
intensity. The eIF2 substrate was purified from 
Chinese hamster ovary (CHO) cells that also ex- 
pressed a conditionally active eIF2o kinase [Fv2E- 


Fig. 1. ISRIB reverses attenuated translation 
and accelerates elF2B GEF activity toward 
elF2(aP) in vitro. (A) Immunoblot of newly syn- 
thesized puromycinylated proteins in extracts of 
CHO cells. Cells were exposed to the ISR-inducing 
agent thapsigargin (Tg 300 nM, 30 min) in the 
presence or absence of trans-ISRIB (100 nM). Phos- 
phorylated (P-elF2a) and total elF2a were detected 
in the immunoblots below. Quantified signal in- 
tensities are shown in fig. S5. (B) Dose-response of 
ISRIB stimulation of translation in reticulocyte lysate 
fitted to a nonlinear trace. Mean + SEM (n = 3) and 
ECso (for active trans-ISRIB). Note the inactivity 
of cis-ISRIB. (C) GEF activity as reflected in time- 
dependent decrease in fluorescence of weakly and 
heavily phosphorylated elF2 loaded with Bodipy- 
FL-GDP and incubated with unlabeled GDP in the 
presence or absence of cell lysate (ug). Mean of 
three independent measurements. (D) Relation 
between the initial velocities of the release of Bodipy- 
FL-GDP from heavily phosphorylated elF2 and ISRIB 
concentration, fitted to a nonlinear trace. Mean + 
SEM (n = 3) and ECs for trans-ISRIB. (E) GEF ac- 
tivity reflected in the initial velocities of GDP release 
reactions with CHO cell lysate (Samples 1 to 4), wild- 
type or mutant elF2a5°!4’S5!4 mouse embryonic 
fibroblast lysate (MEFs, samples 5 to 8), and 
Bodipy-FL-GDP-loaded elF2 of the indicated 
elF2a genotype. Mean + SEM (n = 3 for samples 
1to 4 andn =6 for samples 5 to 8). *P < 0.05, **P< 
0.01 (Student's t test). (F) As in (E), but with 
purified elF2B and Bodipy-FL-GDP-loaded non- 
phosphorylated and phosphorylated elF2. Mean + 
SEM (n= 8). *P = 0.012, **P = 0.0054 (Student's t 
test). (G) Coomassie-stained SDS—polyacrylamide 
gel electrophoresis (CBB) of the purified elF2B used 
in (F). The five subunits of elF2B and PRMT5 (* a 
nonspecific contaminant) are noted. 
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PERK (72)], and eIF2 with low or high levels of 
phosphorylation was generated by treating the 
cells briefly with the Fv2E-PERK activator, AP20187 
(fig. S2, A to C). A lysate protein concentration- 
and time-dependent decrease in fluorescence in- 
tensity of eIF2-[b]GDP was observed (Fig. 1C), 
consistent with lysate-induced release of the 
bound nucleotide. The fluorescent signal declined 
more slowly in eIF2-[b]GDP with higher levels of 
phosphorylated eIF2a (Fig. 1C and fig. S2D), con- 
sistent with the inhibitory effect of eIF2(aP) on 
eIF2B GEF activity (73). ISRIB compensated for 
the inhibitory effect of eIF2(aP) on the GEF ac- 
tivity in cell lysate, with an ECs, of 27 nM; sim- 
ilar to ISRIB’s action in intact cells (Fig. 1D). 
ISRIB-mediated acceleration of GEF activity 
was maintained with an elF2(0°™)-[b]GDP sub- 
strate that could not be phosphorylated (Fig. 1E, 
samples 1 to 4) and was observed in lysates from 
both wild-type (eIF20*/*) and mutant (eIF20°°"S""4y 


mouse embryonic fibroblasts (74) (Fig. 1E, sam- 
ples 5 to 8). Furthermore, ISRIB stimulated the 
GEF activity of purified eIF2B on both phos- 
phorylated and nonphosphorylated eIF2 (Fig. 1, 
F and G), suggesting that the molecular target of 
ISRIB is present in the pure complex and func- 
tions independently of eIF2 phosphorylation. 

To isolate ISRIB-resistant cells (ISRIB"), we used 
a CHO-K1-based cell line (CHO-C30) with the ISR- 
activated promoter of the mouse Ddit3/CHOP gene 
fused to green fluorescent protein (CHOP::GFP) 
(15). Activation of CHOP::GFP by unfolded protein 
stress in the ER was only partially inhibited by 
ISRIB, whereas activation by histidinol, a com- 
petitive inhibitor of histidine tRNA synthetase 
[which activates the eIF2a kinase GCN2 (16)], was 
strongly inhibited (fig. $3). Chemically induced 
mutations that reversed the ISRIB-mediated sup- 
pression of the histidinol-induced ISR generated 
ISRIB' CHO-C30 cells (fig. S4, A and B). 
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We isolated numerous clones with strong or 
weak ISRIB" phenotypes (Fig. 2A and fig. $4, C 
to E). The ISRIB" mutation(s) reversed both the 
sensitivity of the ISR reporter gene to ISRIB and 
the ability of ISRIB to promote protein synthe- 
sis in stressed cells (Fig. 2, B and C, and fig. S5). 
Furthermore, the eIF2-directed GEF activity in 
lysates from the mutant clones was not stimu- 
lated by ISRIB in vitro (Fig. 2D). 

ISRIB targets the interaction of eIF2B with 
eIF2. Therefore, we examined the coding region 
of the genes encoding the subunits of eIF2B and 
eIF2. With one exception, the coding regions of 
eIF2B subunits a, B, y, and e and elF2o had no 
mutations (table S1). This bland mutational land- 
scape contrasted markedly with that of Eif2b4, 
encoding eIF2B5. Most of the ISRIB* clones iso- 
lated had one or more nonsynonymous muta- 
tions affecting three closely spaced codons, R171, 
V178, and L180 (table S1 and fig. S6). These mu- 
tations cluster in a unique N-terminal region 
of eIF2B6 that is not conserved in the other two 
regulatory subunits of the GEF, but is well con- 
served among vertebrate eIF2Bé6 (Fig. 3A and 
fig. S7). 


To determine if the mutations in these clus- 
tered residues of eIF2B6 were sufficient to impart 
an ISRIB" phenotype, we promoted homologous 
recombination at the Eif2b4 locus of parental 
CHO-C30 cells by clustered regularly interspaced 
short palindromic repeats (CRISPR)-Cas9-directed 
editing, offering a homologous directed repair 
template with either the eIF2B5™"”° or e[F2B5"8°F 
mutation (fig. S8A). With either repair template, a 
population of ISRIB" cells emerged after cotrans- 


single round of enrichment by sorting delivered 
clones with weak and strong ISRIB" phenotypes 
(fig. S8, B to D, and table S2). Clones with the weak 
ISRIB" phenotype retained a wild-type copy of the 
gene encoding eIF2B6, whereas clones with the 
strong ISRIB" phenotype had gained the muta- 
tion and lost both wild-type alleles (Fig. 3, B to E). 

In vitro, the baseline GEF activity in lysates 
from eIF2B5"'72 mutant cells was two-fold lower, 
whereas that of the eIF2B5""*" was indistinguish- 
able from the wild-type activity (Fig. 3F). Yet 
both mutations similarly attenuated the effect 
of ISRIB on lysate GEF activity (Fig. 3G and fig. 
$9). Thus, mutations in eIF2Bé can selectively 
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Fig. 2. Selection of ISRIB-resistant (ISRIB") mutations. (A) Histograms of 
the distribution of GFP fluorescence arising from an ISR-inducible CHOP::GFP 
reporter gene in parental CHO-C30 cells and clones bearing the indicated 
mutations. The cells were left untreated or treated with histidinol (His; 0.5 mM), 
ISRIB (100 nM), or both. EMS1M-5 exemplifies a class of clones with a weak and 
EMS1H-4 a class with a strong, ISRIB' phenotype. (B) Immunoblot of puro- 
mycinylated proteins in extracts of parental CHO-C30 cells or a representative 
strong ISRIB' clone (EMS1H-4) after exposure to thapsigargin (Tg) in the pres- 
ence or absence of ISRIB (as in Fig. 1A). The images are representative of all 
three independent experiments that yielded similar results. Quantified signal 
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Sample 1 


fection of the CRISPR guide and Cas9 nuclease. A 


compromise ISRIB action without affecting other 
aspects of eIF2B function. 

Here we used a chemical genetic approach to 
identify proteins implicated in ISRIB action. We 
found that a small segment of eIF2B6 is involved 
in the response to ISRIB, providing a molecular 
clue to how ISRIB might work. Though it is not 
clear if ISRIB binds eIF2B directly, ISRIB’s ability 
to promote GEF activity in vitro, together with the 
identification of a clustered set of mutations in the 
5 subunit that selectively eliminate this response 
(imparting an ISRIB" phenotype on cells), suggest 
that direct modulation of the GEF lies at the 
heart of ISRIB-mediated reversal of the ISR. The 
active form of eIF2B is a dimer of pentamers (17- 
19), whereas the active, trans-isomer of ISRIB has 
perfect twofold symmetry. Perhaps stabilization 
of the eIF2B decamer by binding of a symmetric 
molecule across the interface of its constituent 
pentamers is important for ISRIB’s action and 
the ISRIB' mutations, identified here, interfere 
with this process. 

Note added in proof: The delta subunit of eIF2B 
has been independently fingered as a likely tar- 
get for ISRIB action (20). 
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intensities are shown in fig. S5. (C) Bar diagram, displaying the reversal of 
translation attenuation by ISRIB in “B” above: Reversal = [(P™*!S%® — ply + 
(PUT — P2)] x 100, (PB*SR'® ple and PUT are the puromycinylated signal from 
the sample treated with Tg and ISRIB (lane 3 or 6), Tg alone (lanes 2 or 5), and 
the untreated sample (lanes 1 or 3), respectively. Mean + SEM (n = 3). *P < 0.05 
(Student's t test). (D) Bar diagram of the GEF activity of lysates from parental 
and strong ISRIB' mutant cells with Bodipy-FL-GDP-loaded elF2(aP) as a 
substrate in the absence or presence of ISRIB, as indicated. Mean + SEM of the 
initial velocity of the decline in Bodipy-FL-GDP fluorescence upon adding lysate, 
normalized to the rate in the untreated sample (n = 4). 
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Fig. 3. Clustered mutations in Eif2b4 impart 
ISRIB resistance. (A) Schema of elF2Bé8 with the 
position of the mutations associated with an ISRIB" 
phenotype indicated. These are clustered at the 
unique N-terminal region that is not conserved in 
the other regulatory subunits (a, B) of elF2B. (B to E) 
Distribution of CHOP::GFP reporter gene activity in 
parental CHO-C30 cells and derivative subclones 
bearing the indicated mutations (induced by CRISPR- 
Cas9 targeted homologous recombination at the 
Eif2b4 locus). The cells were left untreated or treated 
for 24 hours with histidinol (His; 0.5 mM) alone or 
with ISRIB (100 nM). (F and G) Bar diagram of the 
GEF activity of lysates from parental or CRISPR- 
Cas9-induced ISRIB" mutant cells with Bodipy-FL- 
GDP-loaded elF2 or elF2(aP) as substrates in the 
absence or presence of ISRIB, as indicated. Mean + 
SEM (n = 6, for (F); n = 5 for (G)). *P < 0.05, n.s.; not 
significant (Student's t test). 
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IMMUNE TOLERANCE 


Group 3 innate lymphoid cells mediate 
intestinal selection of commensal 
bacteria-specific CD4" T cells 


Matthew R. Hepworth,’ Thomas C. Fung,”? Samuel H. Masur,” Judith R. Kelsen,” 
Fiona M. McConnell,* Juan Dubrot,” David R. Withers,* Stephanie Hugues,” 
Michael A. Farrar,® Walter Reith,” Gérard Eberl,’ Robert N. Baldassano,? 

Terri M. Laufer,”’* Charles O. Elson, Gregory F. Sonnenberg™* 


Inflammatory CD4* T cell responses to self or commensal bacteria underlie the 
pathogenesis of autoimmunity and inflammatory bowel disease (IBD), respectively. 
Although selection of self-specific T cells in the thymus limits responses to mammalian 
tissue antigens, the mechanisms that control selection of commensal bacteria—specific 

T cells remain poorly understood. Here, we demonstrate that group 3 innate lymphoid cell 
(ILC3)-intrinsic expression of major histocompatibility complex class Il (MHCII) is 
regulated similarly to thymic epithelial cells and that MHCII* ILC3s directly induce cell 
death of activated commensal bacteria—specific T cells. Further, MHCII on colonic ILC3s 
was reduced in pediatric IBD patients. Collectively, these results define a selection 
pathway for commensal bacteria—specific CD4* T cells in the intestine and suggest that 


this process is dysregulated in human IBD. 


athologic CD4" T cell responses to self are 

limited by presentation of self-antigens in 

the thymus on major histocompatibility 

complex class II-positive (MHCII"*) thy- 

mic epithelial cells (TECs) and dendritic 
cells (DCs), resulting in clonal deletion (J-6). In 
contrast, commensal bacteria-specific CD4* T 
cells, which have been implicated in the path- 
ogenesis of inflammatory bowel disease (IBD) 
(7-1), do not encounter cognate antigen in the 
thymus and therefore are not subject to nega- 
tive selection before entering the periphery (12, 13). 
Although physical and biochemical barriers sep- 
arate the immune system from intestinal com- 
mensal bacteria (7, 13-17), antigens derived from 
commensal bacteria are continuously sampled 
from the intestinal lumen and presented by DCs 
in the draining lymph nodes (7, 10, 15, 18, 19). 
Regulatory T cells (Tyeg) can in part limit dys- 
regulated CD4* T cell responses to commensal 
bacteria (20, 27). However, whether other mech- 
anisms control commensal bacteria-specific CD4* 
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T cells in lieu of thymic negative selection is 
poorly defined. In recent studies, group 3 innate 
lymphoid cells (ILC3s) were found to express 
MHCI, and genetic deletion of ILC3-intrinsic 
MHCI resulted in spontaneous CD4"* T cell- 
dependent intestinal inflammation (22), sug- 
gesting that additional antigen-presentation 
pathways control commensal bacteria-specific 
CD4* T cell populations. 

CCR6-expressing lymphoid tissue inducer (LTi)- 
like ILC3s (CCR6* ILC3s) are a major ILC subset 
present in the mesenteric lymph node (mLN) 
(Fig. 1A) and colon lamina propria (cLPL) (fig. 
S1A) of healthy mice and constitutively express 
retinoic acid-related orphan receptor gamma t 
(RORyt) and MHCIL, relative to ST2* group 2 ILCs 


Fig. 1. ILC3 expression A 
of MHCII is controlled 


(ILC2) (fig. S1, B and C). ILC3s are regulated by 
various cytokine, environmental, and microbial 
factors (23, 24). However, interleukin (IL)-23p19, 
the aryl hydrocarbon receptor (Ahr), or the intes- 
tinal microbiota were not required for CCR6* 
ILC3 expression of MHCII (fig. S1, D to F), al- 
though ILC3 frequencies were reduced in the 
intestine of Ahr” mice, as previously described 
(fig. SIE) (25). Further, in contrast to a recent 
report (26), expression of MHCII, CD80, and CD86 
on CCR6* ILC3s was unaffected by ex vivo stim- 
ulation with microbial or inflammatory stimuli 
or by the absence of MyD88 or Caspase 1/11 
in vivo (fig. $2). 

Next, we examined whether expression of ILC3- 
intrinsic MHCII was dependent on the class II 
transactivator (CIITA), a master transcriptional 
regulator of MHCII expression (27). MHCII ex- 
pression was absent on both CCR6* ILC3s and 
canonical antigen-presenting cells from Ciita™/~ 
mice, relative to Ciita*/* control mice (Fig. 1B 
and fig. S3A). Transcription of CIITA in mice is 
driven via distinct promoter elements—termed 
pl, pI, and pIlV—that are indicative of the up- 
stream signaling events that induce MHCII ex- 
pression (27). In contrast to B cells and DCs, CCR6* 
ILC3-intrinsic MHCII expression was absent in 
the mLN of both pIII/pIV’~ and pIV/~ mice 
(Fig. 1C and fig. S3, B and C), indicating that the 
pIV promoter of Ciita is required for MHCII 
expression on CCR6* ILC3s. The pIV promoter of 
Ciita is used by multiple cell types, such as epi- 
thelial cells, in response to interferon (IFN)-y 
signaling (27). However, expression of MHCII 
on CCR6* ILC3s was not impaired in the absence 
of IFN-y, IFN-yR1, or STAT-1 (Fig. 1D and fig. S3, 
D and E). MHCII expression in TECs was also 
dependent on the pIV promoter of Citta (fig. S3, 
A and B), and pIV-dependent, IFN-y-independent 
CIITA expression has previously only been de- 
scribed in TECs (27-29), suggesting a previously 
unappreciated link between ILC3s and TECs. 

These data provoked the hypothesis that 
TECs and MHCII* ILC3s may share similar 


by a transcriptional 
pathway previously 
associated with thy- 
mic epithelial cells. 
(A) mLN cells from 
naive mice were gated 
as CD45" lineage (x axis: 
CD3, CD5, CD8, and 
NK1.1; y-axis: B220, 
CD11c, and CD11b) 
negative, CD25*, and 
CD127* and further 
divided by expression of 
ST2 (ILC2, red) or 
CCR6 (ILC3, blue). 
MHCIl expression was 
determined on ILC3s in 
mice deficient in 
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(B) CIITA, (C) CIITA promoter regions (plll/plV and plV) or (D) IFN-y and IFN-yR1. All data are 
representative of at least three independent experiments with n = 2 to 3 mice per group. 
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functional roles in the selection of CD4* T cells. 
To test this, we examined CD4* T cells in the 
intestines of mice with an ILC3-intrinsic deletion 
in MHCII (mucin mice). As we previous- 


ly reported (22), frequencies and cell numbers 
of CD44™ CD4* T cells (Teg) in the cLPL of 
MHCII“"“ mice were increased relative to 
H2-Ab1™" controls (fig. S4, A and B). In contrast, 


the total numbers of CD44!° naive T cells and 
FoxP3* Tyeg were unchanged (fig. S4B). Terr cell 
populations used a broad range of T cell re- 
ceptor (TCR) VB chains, and Teg expansion was 
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(E) Immunofluorescence imaging of mLN sections stained for CD3 (blue), RORyt (green), MHCII (red), or 4° ,6-diamidino-2-phenylindole (DAPI) (gray). White 
arrows indicate RORyt* cell clusters. Scale bar, 200 um. (Inset) Colocalization of RORyt* MHCII* ILCs and CD3* Tcells. Scale bar, 10 um. (F) MHCIl expression was 
restricted to RORyt* ILC3s (MHCII'"©3* mice) by crossing Rorc“® mice with |AB°STOP™" (MHCII"®2) mice, and (G) MHCIl levels were determined on B220* B cells, 
CDllb* CDllc™ DCs, CD1lb* F4/80* macrophages (Macs), or Lin"? CD25* CD127* CCR6* ILC3s in the mLN of heterozygote littermates (IAB°STOP*”" and 
MHCIIP°S), MHCII"®2, or MHCII'-C3* mice. (H to K) MHCII"® and MHCII!“©S* received preactivated CD45.1* CBirl transgenic CD4* T cells and were injected with 
CBirl peptide intraperitoneally every 2 days. Frequencies and numbers of transferred T cells were analyzed in the mLN [(H) and (I)], siLPL and cLPL 9 days after 
transfer [(J) and (K)]. All data are representative of at least four independent experiments with n = 2 to 3 mice per group. Results are shown as the mean + SEM. 
*P < 0,05; **P < 0.01; ***P < 0,001 (two-tailed Student's t test). 
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detected in the cLPL but not in the thymus (fig. 
S4C). Further, sort-purified CD4* T cells from 
MHCII“™® mice responded to fecal-derived anti- 
gen but not mammalian tissue-derived antigens 
(fig. S4D). 

These data, along with previous studies 
(20, 30, 31), suggest that the majority of CD4* T 


cells in the steady-state intestine are specific 
for commensal bacteria and that ILC3-intrinsic 
MHCII controls commensal bacteria-specific CD4* 
T cell responses through direct presentation of 
microbiota-derived antigens. To test this, we crossed 
MHcIM"™ mice with either TCR transgenic 
mice specific for CBirl, an antigen expressed by 


Clostridia species constitutively present in the 
murine and human microbiota (73, 32), or TCR 
transgenic mice specific for ovalbumin (OT-ID). 
Loss of ILC3-intrinsic MHCTII had no effect on the 
frequencies or cell numbers of OT-II or CBirl 
T cells in the thymus (Fig. 2A). In contrast, num- 
bers of CBirl, but not OT-II, T cells were increased 
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Fig. 3. MHCII* ILC3s directly induce cell death of commensal bacteria— 
specific CD4* Tcells. (A to D) Activated CBirl CD4* T cells were cocultured 
with sort-purified CCR6* ILC3s in the presence or absence of CBirl antigen 
or a neutralizing antibody to MHCII, and (A) T cell recovery (%) was quanti- 
fied relative to T cells cultured alone, (B) frequency of active Caspase-3- 
expressing T cells was assessed, and (C) frequencies of Annexin V* dead-cell 
exclusion dye-negative (preapoptotic) T cells were quantified. (D) Expression 
of Nur77 by CBirl CD4* T cells and (E) expression of Bim by preactivated 
CBirl CD4* Tcells after 24 hours (D) or 48 hours (E) coculture with antigen- 
pulsed MHCII* ILC3s in the presence or absence of a neutralizing antibody to 
MHCII. Mean fluorescent intensity (MFI) values are shown in italics. (F and G) 
Bim*”* or Bim~”” CBirl T cells were cocultured with ILC3s in the presence or 
absence of CBirl antigen for 48 hours, and (F) relative T cell recovery (%) and 
(G) frequencies of Annexin V* preapoptotic cells were quantified. (H) Heat 
map of selected candidate genes from mLN-derived CCR6* ILC3s. (I) Relative 
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T cell recovery (%) of wild-type (WT) CBirl CD4* T cells cocultured with 
antigen-pulsed ILC3s in the presence or absence of exogenous rIL-2 or rlL-7. 
(J and K) Activated CBirl CD4* Tcells with WT or constitutively active (CA) 
STAT-5 signaling were cocultured with ILC3s in the presence or absence of CBirl 
antigen for 48 hours, and (J) relative T cell recovery (%) and (K) frequencies of 
Annexin V* preapoptotic T cells were quantified. (L) WT CBirl CD4* T cells 
or CBirl STAT5-CA CD4* T cells were adoptively transferred into MHCII"®S 
or MHCII"©3* mice. Mice were administered CBirl antigen, and numbers of 
FoxP3” CD45.1* CBirl T cells in the cLPL were quantified 9 days after transfer. 
In vitro assay data are representative of at least two to three independent 
experiments, with two to three biological replicates per experiment. Array 
data are representative of a single experiment with four biological replicates. 
All in vivo data are representative of at least two independent experiments 
with at least n = 3 mice per group. Results are shown as the mean + SEM. 
*P < 0.05; **P < 0.01; ***P < 0.001 (two-tailed students t test). 
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in the cLPL and mLN (Fig. 2B and fig. S5A), and 
CBir1IMECMALC3 mice exhibited increased fre- 
quencies of antigen-specific IFN-y* and tumor 
necrosis factor (TNF)-o* colonic CD4" T cells, 
colonic inflammation, and neutrophil infiltration, 
which could be prevented by administration of 
antibiotics (ABX) and was not observed in Rag! 7 
MHcIr" mice (Fig. 2B-D and fig. S5A-D). Fi- 
nally, similar to polyclonal MHCII“™ mice, 
the population expansion and increased cytokine 
production of CBirl CD4* T cells were associated 
with a selective increase in CD44™CD62L”° Tyr, 
whereas numbers of FoxP3* Tye. remained un- 
changed (fig. S5E). These data suggest that CCR6* 
ILC3s selectively limit the expansion of commen- 
sal bacteria-specific CD4* effector T cells through 
presentation of antigen derived from the endog- 
enous microbiota. In support of this hypothesis 
and consistent with recent findings (33), MHCII* 
ILC3s localized in distinct clusters in the mLN 
at the interface between the B and T cell zones 
in the marginal and subcapsular sinus (Fig. 2E), 
a site through which antigen-experienced T 
cells traffic. 

To investigate the in vivo mechanisms through 
which MHCII* ILC3s control commensal bacteria- 
specific CD4* T cells, mice were generated in 
which MHCII expression was restricted to only 
ILC3s (Fig. 2F). This was accomplished by using 
mice with a floxed-STOP sequence cassette in- 
serted between the first and second IAB” exons 
(IAB°STOP™" mice) (34). IAB°STOP™" mice lack 
MHCTI on antigen-presenting cells in the absence 
of Cre recombinase (MHCII"®) (Fig. 2G). In con- 
trast, TAp’sTOP’ * mice crossed with Rorc™ mice 
demonstrated a partial restoration of MHCII on 
CCR6* ILC3s (MHCII'“* mice) but not B cells, 


Fig. 4. ILC3-intrinsic MHCII 
is dysregulated in pediatric 
Crohn’s disease patients 
and is associated with 
increased intestinal T,,17 
cells. (A) Lamina propria 
cells were isolated from 
colon biopsies from non-IBD 
control patients, and ILCs 
were identified as CD45* and 
lineage (x axis: CD3, CD5, 
CD14, and FceRI; y axis: 
CD11b, CD11c, and CD19) 
negative, CD127*, and further 
divided by expression of 
ST2L (ILC2s, red) and c-kit 
(ILC3s, blue) or as lacking 
expression of both markers 
(ILCls, black). Expression of 
MHC class II (HLA-DR) was 
determined on ILC subsets in 
representative biopsies from 
(B) non-IBD patients or (C) 
pediatric Crohn's disease 


> 


right colon 


DCs, or macrophages (Fig. 2G). As MHCII"® and 
MHCctII™** mice lack MHCII on TECs and have 
disrupted endogenous T cell selection (34), we 
first employed an adoptive transfer approach 
with naive carboxyfluorescein diacetate succini- 
midy] ester (CFSE)-labeled CD45.1* CBirl T cells. 
In mice with normal MHCII expression (MHCIIP), 
administration of CBirl peptide resulted in dilu- 
tion of CFSE in transferred CBirl T cells, expan- 
sion of CD44"CD62L° CBirl Tey cells, and an 
increase in FoxP3* T,.g in the mLN (fig. S6A). 
In contrast, naive CBirl CD4* T cells transferred 
into control MHCII" and MHCII'"“* mice failed 
to proliferate or differentiate into Tey or Treg after 
peptide administration (fig. S6A), suggesting that 
ILC3-intrinsic MHCII does not influence naive 
CD4* T cells. As MHCII* ILC3s localize at lym- 
phoid sites through which antigen-experienced 
CD4* T cells traffic (Fig. 2E) (33), CBirl CD4* T 
cells were preactivated overnight before trans- 
fer into MHCII"® or MHCII™** mice. After 
CBirl peptide administration, MHCI““* mice 
exhibited reduced frequencies and numbers of 
preactivated CBirl CD4* T cells in the mLN (Fig. 2, 
H and J), which was due to a selective decrease 
in effector, but not regulatory CBirl T cells (Fig. 
21). MHCII* ILC3-mediated effects were antigen- 
specific, could be driven by endogenous microbiota- 
derived antigen alone, and were specific to ILC3s 
(fig. S6, B to D, and fig. $7). Further, in com- 
plementary loss-of-function studies, adoptively 
transferred CBirl CD4* T.¢ expanded at higher 
frequencies and numbers in the mLN and cLPL 
of mice lacking ILC3-intrinsic MHCII (MHCIA“ 
mice), despite exhibiting comparable prolifera- 
tion (fig. S8). Finally, in line with ILC3-mediated 
control of antigen-experienced T cells, the fre- 


quency and number of activated CBirl CD4* 
T cells reaching the small intestine lamina propria 
(siLPL) and cLPL of MHCII™* mice were sig- 
nificantly decreased relative to MHCII"® con- 
trols (Fig. 2, J to K). 

We hypothesized that the loss of CBirl CD4* 
T cells from the mLN and intestine of MHCII~“* 
mice could be the result of altered migration, 
proliferation, or induction of cell death. How- 
ever, preactivated CBirl T cells did not accumu- 
late in peripheral organs, such as the spleen (fig. 
S9A), and CBirl T cells recovered from MHCI“* 
mice exhibited comparable proliferation relative 
to MHCII"® mice (fig. S9B). To further investi- 
gate this question, we developed an in vitro 
ILC3-CD4* T cell coculture system. Consistent 
with our in vivo findings, coculture of activated 
CBirl T cells and sort-purified MHCII* CCR6* 
ILC8s resulted in a significant reduction in T 
cell numbers after culture in the presence of 
cognate antigen, which could be reversed by 
administration of an MHCII-blocking antibody 
(Fig. 3A). Reduced cell recovery was associated 
with an antigen and MHCII-dependent increase 
in Caspase-3 activation (Fig. 3B) and increased 
Annexin V staining (Fig. 3C), indicative of pro- 
grammed cell death. Despite selectively regulating 
commensal bacteria-specific CD4* T cells in the 
steady state, MHCII* ILC3s were also sufficient to 
influence T cells with other antigen specificities 
only if antigen was exogenously provided (fig. S10). 

Negative selection in the thymus has been 
shown to be associated with induction of Nur77 
and up-regulation of the proapoptotic molecule 
Bim (35), which together mediate clonal dele- 
tion. Presentation of antigen by MHCII* ILC3s 
also resulted in the up-regulation of Nur77 and 
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(CD) patients, and the (D) frequencies and (E) MFI of HLA-DR expression on ILC3s was quantified. ILC3 HLA-DR MFI was correlated with (F) frequencies of 
IL-17A* CD4* Ty417 cells in colon biopsies, and (G) commensal bacterial-specific |gG was quantified in the sera of pediatric Crohn's disease patients. [(B) to 
(E)] Representative of n = 31 non-IBD and n = 31 CD patients or (F) n = 27 and (G) n = 21 pediatric Crohn's disease patients. Results are shown as the mean + 
SEM. Statistical analyses between patient groups were performed using a Mann-Whitney test. *P < 0.05; **P < 0.01; ***P < 0.001. Correlative analyses were 
compared by parametric Pearson's rank correlation coefficient (r). 
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Bim by CBirl CD4* T cells, the latter of which 
was required for ILC3-mediated induction of T 
cell death (Fig. 3D-G). Antigen presentation by 
ILC8s in vitro selectively led to Te, death but 
did not affect T,,.. numbers (fig. SILA). We next 
analyzed mLN-derived CCR6* ILC3 for expres- 
sion of surface molecules that directly influence 
antigen-specific CD4* T cell responses (Fig. 3H). 
ILC3s demonstrated high levels of MHCII-associ- 
ated transcripts but had negligible expression of 
transcripts for canonical costimulatory molecules 
and inhibitory or death receptors (Fig. 3H). In- 
deed, CCR6* ILC3s lacked expression of FasL by 
flow cytometry, and antibody-mediated neutrali- 
zation of FasL did not influence ILC3-induced 
CBirl T cell death (fig. S11, B to D). Moreover, in 
contrast to Bim™/~ mice, fasl®/*"4 mice did not 
exhibit increased frequencies of endogenous com- 
mensal bacteria-specific CD4* T cells in gut- 
associated lymphoid tissues (fig. SI1E). 

Bim-dependent apoptotic cell death may also 
be induced via cytokine or growth factor starva- 
tion (36, 37). Because CCR6* ILC3s constitutively 
express high levels of the common gamma chain 
cytokine receptors CD25 (IL-2R) and CD127 (IL- 
7Ra) (Fig. 1, fig. S1 and Fig. 3H), we hypothesized 
that MHCII* ILC3s may induce cell death of 
commensal bacteria-specific CD4* T cells syner- 
gistically through TCR induction of an apoptotic 
program in concert with cytokine withdrawal. 
Consistent with this, cell death could be reduced 
upon addition of exogenous recombinant (r)IL-2, 
but not rIL-7, to in vitro cocultures (Fig. 31). 
MHCII* ILC3s exhibited more than twofold 
higher capacity to bind IL-2 as compared with 
activated CBirl CD4* T cells (fig. S11, F and G), 
suggesting that MHCII* ILC3s outcompete acti- 
vated T cells for prosurvival cytokines. The re- 
quirement for IL-2 was T cell-intrinsic as activated 
CBirl CD4* T cells expressing a constitutively ac- 
tive STAT-5 molecule (S5CA) were resistant to 
Bim up-regulation and ILC3-induced cell death 
in vitro and in vivo (Fig. 3, J to L, and fig. S11, H 
and I). Taken together, these data indicate that 
MHCII* ILC3s mediate a negative selection pro- 
cess through antigen presentation and with- 
drawal of IL-2 from the local milieu, resulting 
in deletion of activated commensal bacteria- 
specific T cells. 

Inflammatory CD4* T cell responses against 
commensal bacteria are causally associated with 
the pathogenesis of IBD (7-11). Furthermore, in- 
flammatory T cells derived from Crohn’s disease 
patients also exhibit reduced Bim-mediated cell 
death and cytokine-withdrawal-mediated apopto- 
sis (38, 39). Therefore, we next examined whether 
ILC3-intrinsic MHCII may be dysregulated in 
the context of human IBD. Using a previously 
defined gating strategy (40), all ILC subsets could 
be identified in intestinal biopsies of pediatric 
Crohn’s disease patients (Fig. 4A), including 
CD127* c-kit” ST2L” ILC3s, that expressed NKp44: 
and RORyt (fig. S12, A and B). Human ILC3s ex- 
pressed MHCII [human leukocyte antigen-D re- 
lated (HLA-DR)] in intestinal biopsies from non- 
IBD controls, whereas MHCII expression was 
largely absent on other ILC subsets (Fig. 4B). 
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Although no alterations in the total frequency 
of ILC3s were observed between patient cohorts 
(fig. S12C), MHCII expression was significantly 
reduced on ILC3s (Fig. 4, C to E), but not CD4* 
T cells or professional antigen-presenting cells 
(fig. S12, D and E), from pediatric Crohn’s disease 
patients in comparison to non-IBD controls. More- 
over, we observed an inverse correlation between 
MHCII levels on ILC3s and frequencies of ef- 
fector T helper 17 (Ty17) cells in the colon (Fig. 
4F) and circulating commensal bacteria-specific 
immunoglobulin G (IgG) titers (Fig. 4G) in pe- 
diatric Crohn’s disease patients. Taken together, 
these data indicate that alterations in MHCII on 
human ILC3s are associated with proinflamma- 
tory adaptive immune cell responses to commen- 
sal bacteria. 

The mammalian gastrointestinal tract is colo- 
nized with trillions of beneficial commensal bac- 
teria that regulate host nutrient metabolism and 
immune cell homeostasis and protect from path- 
ogen infection (7, 11, 15). As such, commensal 
bacteria are an essential component of the 
mammalian “superorganism” required for the 
host to thrive (47). It is well characterized that 
self-specific CD4* T cells with the potential to 
cause pathologic inflammation in mammalian 
tissues are controlled through antigen-dependent 
thymic selection (7-5). Here, MHCII-expressing 
CCR6* ILC3s were found to control intestinal 
homeostasis through induction of apoptotic cell 
death and deletion of activated commensal 
bacteria-specific T cells, a process with multiple 
similarities to negative selection in the thymus, 
which we propose to term intestinal selection 
(fig. S13). Thus, intestinal selection controls the 
peripheral commensal bacteria-specific CD4* T 
cell pool in concert with other previously de- 
scribed tolerogenic pathways, including Tyg, 
production of IgA, and active maintenance of 
intestinal barrier function (7, 15, 17, 23). Dys- 
regulated ILC3-intrinsic MHCII in pediatric 
Crohn’s disease patients suggests a possible role 
for alterations in this pathway in the onset and/ 
or progression of human IBD. Thus, MHCII* 
ILC3 may represent a novel therapeutic target to 
control pathologic CD4* T cell responses in chro- 
nic human inflammatory disorders associated 
with dysregulated host-commensal bacteria rela- 
tionships (7, 10, 15). 
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CANCER 


The transcription factor GABP 
selectively binds and activates the 
mutant TERT promoter in cancer 


Robert J. A. Bell,” H. Tomas Rube,** Alex Kreig,*”® Andrew Mancini,’ Shaun D. Fouse," 
Raman P. Nagarajan,’ Serah Choi,° Chibo Hong,’ Daniel He,’ Melike Pekmezci,’ 

John K. Wiencke,*? Margaret R. Wrensch,®? Susan M. Chang,’ Kyle M. Walsh,® 

Sua Myong,** Jun S. Song,”***>*+ Joseph F. Costello’*+ 


Reactivation of telomerase reverse transcriptase (TERT) expression enables cells to overcome 
replicative senescence and escape apoptosis, which are fundamental steps in the initiation of 
human cancer. Multiple cancer types, including up to 83% of glioblastomas (GBMs), harbor 
highly recurrent TERT promoter mutations of unknown function but specific to two nucleotide 
positions. We identified the functional consequence of these mutations in GBMs to be 
recruitment of the multimeric GA-binding protein (GABP) transcription factor specifically to the 
mutant promoter. Allelic recruitment of GABP is consistently observed across four cancer 
types, highlighting a shared mechanism underlying TERT reactivation. Tandem flanking native 
E26 transformation-specific motifs critically cooperate with these mutations to activate 

TERT, probably by facilitating GABP heterotetramer binding. GABP thus directly links TERT 
promoter mutations to aberrant expression in multiple cancers. 


he human telomerase is an enzyme critical 

for maintaining telomere length and chro- 

mosomal stability in stem cells (1, 2). The 

transcriptional regulation of the telomerase 

reverse transcriptase (TERT) gene, encoding 
the catalytic subunit of telomerase, is a rate- 
limiting step in modulating telomerase activity 
(3). Although normally silenced in somatic cells, 
TERT is aberrantly expressed in 90% of aggressive 
cancers, highlighting this event as a hallmark of 
tumorigenesis (4-6). Reactivating telomerase helps 
cells with a finite life span to achieve limitless 
proliferative potential and bypass cellular senes- 
cence induced by DNA replication-associated telo- 
mere shortening. Understanding the mechanisms 
of aberrant TERT expression is thus a crucial out- 
standing problem in cancer research. 

Recently discovered noncoding mutations in 
the TERT promoter are among the most common 
genetic alterations observed across multiple cancer 
types, revealing a potentially causal biological 
mechanism driving increased telomerase activity 
in tumors (7-9). Specifically, one of two positions, 
G228A or G250A, is mutated in 21% of medullo- 
blastomas (10), 47% of hepatocellular carcinomas 
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(HCC) (1D, 66% of urothelial carcinomas of the 
bladder (72), 71% of melanomas (7, 8), and 83% 
of primary glioblastomas (GBMs) (9), making 
them the most recurrent single-nucleotide muta- 
tions observed in these cancer types. Both the 
G228A and G250A mutations are associated with 
increased TERT expression (fig. S1) and telomer- 
ase activity (13) and have prognostic power in 
bladder cancer and GBM (/4-16). Both G>A tran- 
sitions generate an identical 11-base pair (bp) 
sequence that is hypothesized to generate a de 
novo binding site for an E26 transformation- 
specific (ETS) transcription factor (7). Despite 
these compelling findings and the central impor- 
tance of TERT in human cancer, the precise func- 
tion of the mutations has remained elusive since 
their initial discovery in melanoma patients. 

To determine whether the de novo ETS motif 
is necessary for mutant TERT activation, we per- 
formed site-directed mutagenesis of the core 
TERT promoter (17). The G228C, G250C, and 
G250T mutations did not increase promoter 
activity, highlighting the requirement for the 
G>A transition for TERT activation (Fig. 1A). 
Furthermore, removing the ETS motif while re- 
taining the G228A mutation (A227T, G228A) re- 
sulted in a complete reduction of promoter activity 
to wild-type levels. The G228T mutation also par- 
tially increased promoter activity; this induction is 
consistent with the site being the second adenine 
position in an ETS motif, a position that is 
often degenerate for A/T (78). Mutating the 
second adenine position to thymine in the con- 
text of G250A (G250A, A251T) resulted in a sim- 
ilar intermediate level of promoter activity. 

A small interfering RNA (siRNA) screen of 13 
ETS factors expressed in GBMs revealed 5 ETS 
factors [ELF1, ETS1, ETV3, ETV4, and GA-binding 
protein, alpha subunit (GABPA)] whose knock- 
down reduced TERT expression in at least one of 


two GBM cell lines harboring TERT promoter mu- 
tations (Fig. 1B, fig. S2, and fig. S3) (17). Only three 
factors (ETSI, ETV3, and GABPA) consistently 
reduced TERT expression in both lines. GABPA 
knockdown reduced TERT expression by as much 
as 50% within the first 24 hours and sustained 
the largest effect on TERT expression among the 
ETS candidates throughout 72 hours (fig. $3). In 
contrast, knockdown of ETS1 and ELFI resulted 
in amore modest reduction of TERT mRNA and 
only reached statistical significance at 72 hours, 
suggesting that their regulation of TERT is through 
indirect mechanisms. ETV3 is a transcriptional 
repressor in the ETS family and was thus not 
considered a candidate direct regulator of mutant 
TERT (19-21). Thus, the de novo ETS motif is 
critical for mutant TERT promoter activity in 
GBMs, and one or more candidate ETS factors 
may regulate TERT expression directly through 
the G228A and G250A mutations. 

We next investigated whether regulation of 
TERT by ETSI, ETV3, ETV4, or GABPA depends 
on the TERT promoter mutation status by testing 
the effect of siRNA knockdowns on the activity of 
TERT promoter-driven luciferase reporters. Only 
GABPA knockdown significantly reduced mutant 
promoter activity without affecting wild-type pro- 
moter activity (Fig. 2A and fig. $4). Although 
ETV4 knockdown reduced mutant promoter 
activity, it also significantly reduced the activ- 
ity of the wild-type promoter, indicating the 
potential of ETV4 to bind and regulate the wild- 
type TERT promoter sequence in this assay. 
Knockdown of ETS1 and ETV3 did not signif- 
icantly reduce promoter activity (Fig. 2A and 
fig. S4). GABPA was thus the only ETS factor 
that reproducibly affected TERT expression in 
a mutation-specific manner. Furthermore, knock- 
down of GABPA did not significantly affect cell 
cycle or proliferation rate within this time frame 
(fig. S5). 

To determine the in vivo binding specificity to 
the mutant TERT promoter sequence (CCGGAA) 
relative to the wild-type sequence (CCGGAG) 
among the candidate ETS factors, we analyzed 
publicly available ChIP-seq data for GABPA, 
ELF1, ETS1, and ETV4 (22, 23). Although all 
factors display significant enrichment in the 
sequence found in the mutant TERT promoter 
relative to the wild-type sequence, we found that 
GABPA peaks contained significantly greater en- 
richment in the mutant motif as compared to 
ETSI or ETV4 peaks (P value = 5.1 x 10° for ETS1 
and 1.8 x 10-° for ETV4, Wilcoxon rank-sum test) 
(Fig. 2B and fig. S6). This genome-wide analysis 
supports the binding specificity for the motif 
created by the TERT promoter mutations and 
suggests that GABPA binding may be more sen- 
sitive to these promoter mutations. Furthermore, 
this enrichment is not observed in DNase I hyper- 
sensitivity peaks in the same cells, demonstrat- 
ing that the motif enrichment does not represent 
sequence biases in areas of open chromatin (fig. 
S6). Among the eight ENCODE (Encyclopedia of 
DNA Elements) Project cell lines with GABPA 
ChIP-seq, only HepG2 hepatocellular carcinoma 
cells and SK-N-SH neuroblastoma cells, both of 
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Fig. 1. The de novo ETS motif is critical for mutant TERT promoter activity in GBMs. (A) TERT promoter—luciferase reporter assays for wild-type, G228A, 
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which harbor heterozygous G228A mutations, 
displayed significant GABPA binding at the TERT 
promoter (Fig. 2C). In contrast, none of the TERT 
mutant cell lines showed ELF1 binding at the 
TERT promoter (fig. S7). Likewise, ChIP of ETS1 
and ETV4 did not show binding at the mutant 
TERT promoter in vivo (fig. S7). An in vitro single- 
molecule protein binding assay further confirmed 
that ETV4 does not stably bind the mutated se- 
quence (fig. S8) (77). These results are consistent 
with the fact that only GABPA knockdown shows 
immediate reduction on TERT expression (fig. S3), 
and they implicate GABPA as the only ETS factor 
among the candidates to directly bind the mu- 
tant TERT promoter. All of the cell lines that did 
not show GABPA binding (K562, GM12878, A549, 
Hela, MCF-7, and HL-60) were derived from can- 
cers in which TERT promoter mutations are ab- 
sent or uncommon (9). Strikingly, 100% of the 
GABPA ChIP-seq reads covering the mutated site 
within the TERT promoter contained G228A, sug- 
gesting that GABPA selectively binds the mu- 
tant allele in vivo and that it cannot recognize 
and bind the wild-type sequence (Fig. 2C). Re- 
cruitment of GABP to the G250A mutant sequence 
was confirmed in vitro using a single-molecule 
protein binding assay. In contrast, no binding 
event of GABP was detected for the wild-type 
TERT sequence (fig. S8). Mutant allele-specific 
DNase I hypersensitivity and Pol II recruitment 
were also observed in these lines (fig. S9). 

To confirm that GABPA is specifically recruited 
to the mutant allele, we performed GABPA ChIP 
in HepG2, SK-N-SH, two GBM lines, and three 
melanoma lines (table S1) (77). All cell lines har- 
boring either the G228A or G250A mutation 
showed significant GABPA binding in the TERT 
core promoter (P value = 0.016, Wilcoxon rank- 
sum test, Fig. 2D). In contrast, the TERT wild- 
type melanoma line SK-MEL-28 showed no GABPA 
binding at the TERT promoter as compared to 
the other lines (P value = 0.007, Weisberg ¢ test 
for outliers). Consistent with our findings of spec- 
ificity for the mutant allele in the ENCODE ChIP- 
seq data, the GABPA-immunoprecipitated DNA 
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from the heterozygous mutant cell lines HepG2, 
SK-N-SH, and GBM1 all showed significant bias 
toward the mutant allele as compared to input 
control DNA (P value = 1.264 x 10°°, Fisher’s 
exact test, Fig. 2E). Furthermore, we confirmed 
that both heterozygous mutations in the TERT 
promoter resulted in allelic deposition of H3K4me3 
and allele-specific expression (fig. S10). Nucleosome 
positioning analysis from micrococcal nuclease- 
digested H3K4me3 ChIP-seq (24) data revealed that 
both mutation positions lie within a nucleosome- 
free region, with the upstream nucleosomes con- 
taining the H3K4me3 modifications (fig. S10). 
These data demonstrate that GABPA is selectively 
recruited to the mutant TERT allele across mul- 
tiple cancer types and results in allele-specific 
activation of TERT. 

GABPA is unique among the large ETS tran- 
scription factor family as it is the only obligate 
multimeric factor (25, 26). GABPA dimerizes with 
GABPB, and the resulting heterodimer (GABP) 
forms a fully functional transcription factor that 
can both bind DNA and activate transcription 
(27). GABPA has a single transcript isoform that is 
widely expressed across tissue types, whereas 
GABPB is encoded by either the GABPBI or 
GABPB2 gene, and GABPB1 contains multiple 
isoforms (28, 29). A subset of GABPB isoforms 
contain leucine zipper-like domains, which al- 
low two GABP heterodimers to form a heterotet- 
ramer complex capable of binding two GABPA 
motifs (core consensus CCGGAA) in proximity 
to each other, and further stimulating tran- 
scription (30). Consistent with this fact, genome- 
wide analysis of ENCODE GABPA ChIP-seq data 
showed that peaks containing two GABPA motifs 
have significantly higher binding enrichment 
scores as compared to peaks with just one or 
zero motifs (P value =1.6 x 107%”, Wilcoxon 
rank-sum test, figs. S11 and S12). Analysis of 
GABPA motif spacing within peaks containing 
two motifs revealed that strong peaks are more 
likely to have a separation distance shorter 
than 50 bp as compared to weak peaks (Fig. 3A 
and fig. S11). Moreover, this increase in likeli- 


hood occurred at discrete spacing that aligned 
well with the 10.5-bp periodicity of relaxed B- 
DNA, highlighting the importance of having 
two GABPA binding sites in phase and separated 
by full helical turns of double-stranded DNA. 
This periodicity was unique to GABPA and is 
not observed in ELF1 or ETS1 ChIP-seq data 
(fig. S11). The Fourier spectrum of the enrich- 
ment also spiked around the helical frequency 
in strong GABPA peaks, but not in weak peaks 
or the genomic background (fig. S13). This anal- 
ysis suggested that two proximal motifs in helical 
phase act synergistically to recruit a GABP hetero- 
tetramer complex. 

Investigation of the DNA sequence flanking 
the mutation sites revealed three native ETS bind- 
ing motifs (ETS-195, ETS-200, and ETS-294) 
(Fig. 3B). To determine whether these flanking 
ETS motifs are required for mutant TERT acti- 
vation, we performed site-directed mutagenesis 
of the flanking ETS sites with or without the 
G228A or G250A mutation. Mutating ETS-195 
or ETS-200 alone reduced promoter activity 
from the relatively low level of the wild-type pro- 
moter and also significantly reduced activity in 
the context of G228A or G250A. In contrast, 
mutating ETS-294 had no effect on promoter 
activity in the context of G250A, despite being 
closer than ETS-195 or ETS-200 (Fig. 3C). These 
data demonstrate that both ETS-195 and ETS- 
200 are required for aberrant activity of the 
mutant TERT promoter. The GABPB1 isoforms 
required for GABP heterotetramer formation 
are the predominant isoforms expressed in GBM 
melanoma, hepatocellular carcinoma, and blad- 
der urothelial carcinoma, all tumor types prone 
to TERT promoter mutations (fig. S14). 

To test whether ETS motif spacing is essential 
for mutant TERT promoter activation, we per- 
formed a series of deletions in 2-bp increments 
between the native ETS site and the G250A 
mutation, effectively bringing G250A out of 
phase and back into phase with the native ETS 
motifs. Although the wild-type reporter construct 
displayed only noise level fluctuations in activity, 
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data at the proximal TERT promoter and around distal quantitative polymerase 
chain reaction (qPCR) primers. Native ETS motifs and mutation positions are 
annotated by orange and black tick marks, respectively. The inset shows allelic 
read coverage at G228A in HepG2 cells. (D) GABPA ChIP-qPCR for the TERT 
promoter and a nearby control locus in seven cancer cell lines. Values represent 
the mean percent of input based on triplicate GPCR measurments. n = 1 for each 
cell line. (E) Allelic variant frequency in GABPA (IP) or input control DNA. 


we observed clear periodic behavior in the G250A 
reporter, suggesting the recruitment of a GABP 
heterotetramer (Fig. 3D and fig. S11). However, 
G250A promoter activity peaked after deleting 
6 bp, which brought the G250A site in phase with 
the ETS-200 site by a perfect four helical turns. 
Mutating ETS-195, although reducing the TERT 
activation level (Fig. 3C), did not change the 
periodic pattern, implying a preferential interac- 
tion of GABP with ETS-200 instead of ETS-195 
(fig. S11). Repeating the experiment with a mu- 
tated ETS-200, however, led to a translation in 
10.5-bp periodicity, which was now consistent 
with pairing between G250A and ETS-195 (Fig. 
3D). These results strongly suggest that GABP 
may be able to bind and switch between both 
native ETS motifs in the context of G250A, 
consistent with the fact that both native ETS 
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motifs are essential for robust TERT activation 
(Fig. 3C). 

The critical role of two adjacent ETS motifs 
in aberrant TERT activation was further strength- 
ened by our analysis of an oligodendroglioma 
tumor containing a unique heterozygous 41-bp 
tandem duplication within the core TERT pro- 
moter. This tumor sample also had the R132H 
IDH1 mutation and 1p19q co-deletion, genetic 
aberrations that often co-occur with TERT pro- 
moter mutations in oligodendroglioma (37). Al- 
though this sample was wild-type at G228A and 
G250A, we found that the junction of the dupli- 
cation event generated a de novo ETS motif that 
is 41 bp away from the native downstream ETS- 
195 motif (Fig. 3B). The promoter sequence 
containing this duplication induced elevated pro- 
moter activity similar to the G228A and G250A 


mutant sequences, despite its wild-type status at 
these positions (Fig. 3C). Mutagenesis of either 
the native ETS-195 site or the de novo junction 
ETS site significantly reduced promoter activity, 
once again demonstrating that this duplication 
satisfies the prerequisite for GABP heterote- 
tramer recruitment (Fig. 3C). 

We have thus identified GABP as the critical 
ETS transcription factor activating TERT expres- 
sion in the context of highly recurrent promoter 
mutations. Although many ETS transcription 
factors can bind similar DNA sequence motifs, 
GABP is unusual in that it can bind neighboring 
ETS motifs as a heterotetrameric complex. We 
showed that strong GABPA ChIP-seq peaks 
contain a periodicity of approximately 10.5 bp 
between neighboring ETS motifs, consistent 
with the binding of a GABP complex at two 
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Fig. 3. G228A and G250A cooperate with the native ETS sites ETS-195 and 
ETS-200 and fall within spacing for GABP heterotetramer recruitment. (A) 
Distribution of motif separation in weak and strong GABP peaks. Vertical dotted 
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theoretical null distribution. (B) Native and de novo putative ETS binding sites in 
the core TERT promoter. (C) Site-directed mutagenesis of the GABP het- 
erotetramer motifs in the wild-type, G228A, G250A, or insertion TERT reporter 


locations separated by full helical turns of DNA. 
This genome-wide pattern is reproduced in the 
context of TERT promoter mutations, where 
both G228A and G250A are separated from two 
tandem proximal native ETS motifs by 2.9/2.4 
(ETS-195/ETS-200) and 5.0/4.6 (ETS-195/ETS-200) 
helical turns, respectively. We propose that TERT 
promoter mutations cooperate with both of 
these native ETS sites to recruit GABP. Further 
work is necessary to elucidate which other tran- 
scription factors are interacting with GABP at 
the mutant TERT promoter in order to drive 
aberrant transcription. Additionally, both TERT 
promoter mutations fall within a GC-rich repeat 
sequence with potential to form a G-quadruplex, 
a DNA secondary structure that can regulate gene 
expression (32, 33). A potential impact of TERT 
promoter mutations on this predicted second- 
ary structure and on the complex relationship 
between secondary structure and GABP recruit- 
ment may also play a role in deregulating TERT 
expression. The cancer-specific interaction of 
GABP with the TERT core promoter mutations 
highlights a common mechanism used by many 
cancers to overcome replicative senescence. 
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EMBRYO DEVELOPMENT 


A cysteine-clamp gene drives embryo 
polarity in the midge Chironomus 


Jeff Klomp,' Derek Athy,’ Chun Wai Kwan,’ Natasha I. Bloch,’* Thomas Sandmann,”+ 


Steffen Lemke,’+ Urs Schmidt-Ott'§ 


In the fruit fly Drosophila, head formation is driven by a single gene, bicoid, which 
generates head-to-tail polarity of the main embryonic axis. Bicoid deficiency results in 
embryos with tail-to-tail polarity and no head. However, most insects lack bicoid, and 

the molecular mechanism for establishing head-to-tail polarity is poorly understood. 

We have identified a gene that establishes head-to-tail polarity of the mosquito-like midge, 
Chironomus riparius. This gene, named panish, encodes a cysteine-clamp DNA binding 
domain and operates through a different mechanism than bicoid. This finding, combined 
with the observation that the phylogenetic distributions of panish and bicoid are 

limited to specific families of flies, reveals frequent evolutionary changes of body axis 
determinants and a remarkable opportunity to study gene regulatory network evolution. 


he bicoid gene of Drosophila melanogaster 

is involved in a variety of early develop- 

mental and biochemical processes. Many 

studies have examined its activity as a 

morphogen. bicoid mRNA is maternally 
deposited into the egg and transported to the 
anterior side, forming a protein gradient that 
activates transcription of genes in a concentration- 
dependent manner (/-3). The bicoid gene repre- 
sents an intriguing case of molecular innovation. 
It is related to Hox-3 genes of other animals but 
appears to be absent in most insects, including 
mosquitoes and other “lower” flies (Diptera) (4-6) 
(Fig. 1). Bicoid-deficient embryos cannot develop 
a head or thorax and instead develop a second 
set of posterior structures that become a second 
abdomen (“double abdomen”) when the activity 
of another gene, hunchback, is disrupted simul- 
taneously (7). Likewise, ectopic expression of 
bicoid in the posterior embryo prevents abdo- 
men development and induces a “double head” 
(8). Although other genes have been found to 
play a role in anterior development in beetles 
(9, 10) and wasps (11, 12), a gene responsible for 
anterior-posterior (AP) polarity has not been 
found. Nearly 30 years after the identification 
of bicoid in Drosophila, we have identified a 
gene that is necessary for the symmetry breaking 
and long-range patterning roles of bicoid in the 
harlequin fly Chironomus riparius. Further, 
we reexamined bicoid in several fly families 
and conclude that bicoid has been lost from 
genomes of some higher flies, including two 
lineages of agricultural and public health con- 
cern, the tephritid and glossinid flies (Fig. 1, figs. 
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S1 and S2, and table S1). These observations raise 
the possibility that bicoid has been frequently 
lost or substantially altered during radiations of 
dipterans. 

Ultraviolet light irradiation of anterior chi- 
ronomid fly embryos induces double-abdomen 
formation, providing evidence of anterior lo- 
calized RNA (13, 14). Therefore, we conducted 
gene expression profiling of AP-bisected early 
C. riparius embryos to search for asymmetrically 
distributed maternal mRNA transcripts. All of 
the 6604 identified transcripts were ranked ac- 
cording to the magnitude of their differential 
expression scores and P values (Fig. 2A). Those 
most enriched in the posterior embryo were pri- 
marily homologs of known germ cell or germ 
plasm components (Fig. 2A, right). This was an- 
ticipated because the germ plasm of Chironomus 
is located at the posterior pole. One transcript 
was highly biased in the anterior end of the early 
embryo (Fig. 2A, left). We confirmed localized 
expression in early embryos for the two most 
biased transcripts (Fig. 2B and fig. S3). 

The anteriorly biased transcript contains an 
open reading frame (ORF) encoding 131 amino 
acids. This predicted protein possesses a cysteine- 
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clamp domain (C-clamp, residues 63 to 92) with 
similarity to the C-clamp of the Wnt signaling 
effector Pangolin/Tcf (Fig. 2C and fig. S4) (15) 
and was therefore given the name panish (for 
“pan-ish”). However, neither the high-mobility 
group (HMG) domain nor the B-catenin inter- 
action domain of Pangolin is conserved in the 
protein sequence encoded by panish. Notably, 
we also identified a distinct pangolin ortholog 
expressed later in development during blasto- 
derm cellularization at the anterior pole (fig. S5). 
Duplication of a portion of the ancestral pangolin 
locus is a possibility, given the strong similarity 
of their C-clamp domains. The panish C-clamp 
region appears to encode a bipartite nuclear 
localization signal (16); hence, panish may be 
involved in transcriptional regulation. The 5’ end 
of the panish transcript (27/131 predicted resi- 
dues) overlapped with an unrelated Chironomus 
transcript with homology to Drosophila ZAP3, 
a conserved nucleoside kinase gene. We mapped 
all transcripts onto genomic Chironomus se- 
quence containing panish and determined that 
Chironomus ZAP3 (Cri-zap3) overlaps mostly 
with the large second panish intron (Fig. 2D) 
but was not differentially expressed between 
the anterior and posterior halves (P = 0.34). 

The panish transcript was tightly anteriorly 
localized in freshly laid eggs but was expressed 
more broadly in an anterior-to-posterior gradi- 
ent by the beginning of the blastoderm stage 
(Fig. 2B). The panish transcript was not evident 
after blastoderm cellularization. To test whether 
the panish transcript was necessary for the AP 
axis, we conducted a series of loss- and gain-of- 
function experiments using double-stranded 
RNA (dsRNA) and capped mRNA injections. 
Early Chironomus embryos injected with dsRNA 
against the panish ORF or 3’ untranslated region 
(3'UTR) developed double abdomens (Fig. 3, A 
to C, and fig. S6A), with similar survival rates 
between panish RNAi (RNA interference) and 
controls. Notably, Cri-zap3 RNAi did not cause 
any obvious cuticle defects (Fig. 3C). Injection 
of panish dsRNA at the later blastoderm cel- 
lularization stage also had no effect, indicating 
that panish mRNA is dispensable at later 
stages (V = 112/112 wild type). 


& o Q 
o o 2 o 
Re] vg id 
2 @ - S,2 e888 
x3 od os NSe&ot Poe 
oe rs @ o> oO 2Ze GOD 
SooF BZ oS ELPRSVSELCEE 
ZzaSeco Zoe pog lk SEacR Le 
56268 ESSPaBaRPO26E SRS 
f©feeopeeazpwvoePs 223se oO 
aoe = 0 8 o@oSt5mtesgor 
o ee Czuemaos o S oO 
ic} 5 > (a DAL oO B<°? Oo 
sso | xa a 5 
gue SPm [OCS] as 
2/og a a 
Qa a 
£ 
ui 


Schizophora 
70 Ma DD bicoid 


Hi no bicoid 


Cyclorrhapha 
150 Ma 


Brachycera 
200 Ma 


Fig. 1. Bicoid in dipteran families. Indicated instances of missing bicoid orthologs are based on ge- 
nome sequences; tree is based on molecular phylogeny [see (22) and species list (23)], and cyclorrha- 
pha clade, with bicoid, is indicated (light blue). Ma, millions of years ago. 
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To confirm the requirement for panish MRNA 
in establishing the anterior domain, we performed 
rescue experiments by co-injecting either wild- 
type or out-of-frame mutated panish coding mRNA 
in combination with panish 3'UTR dsRNA. Double- 
abdomen formation was suppressed in more 
than 40% of the embryos in which wild-type 
panish mRNA was injected into the anterior third, 
whereas double-abdomen formation was not 
suppressed after injection of mutated panish 
mRNA, injection buffer, or bicoid mRNA into the 
anterior third of the embryos (Fig. 3C and fig. S6, 
B to D) or panish mRNA injection into the pos- 
terior third of the embryos (130/131 wild type, 
P< 0.0001). 

We also did not observe double-head for- 
mation (214/214 wild type) when we injected 
panish mRNA into the posterior third of wild- 
type embryos. This observation suggests that 
Panish activity is constrained to the anterior 


embryo, potentially because of missing ante- 
rior components or the presence of anterior 
program inhibitors in the posterior embryo. To 
distinguish between these possibilities, we ex- 
amined the expression and function of genes 
associated with embryonic axis specification in 
other insects (17). Candidate genes included or- 
thologs of the anterior inhibitor nanos (Cri-nos), 
the anterior pattern organizers hunchback (Cri- 
hb) and orthodenticle/ocelliless (Cri-oc), and the 
posterior pattern organizers caudal (Cri-cad) 
and tailless (Cri-til. 

Maternal Cri-nos transcript was enriched at 
the posterior pole (fig. S3), but neither Cri-nos 
RNAi nor ectopic Cri-nos expression affected 
axial patterning. Cri-hb and Cri-oc were present 
in the anterior blastoderm, but RNAi against 
these genes only caused homeotic and gap phe- 
notypes, respectively (fig. S7, A to D). Cri-cad 
was expressed in the posterior embryo, and 


Cri-cad RNAi resulted in abdomen truncation 
(Fig. 4A and fig. S7E). Therefore, these genes do 
not appear critical for embryonic AP polarity. 
Unlike Drosophila tailless, Cri-tll was expressed 
in a posterior-to-anterior gradient in early blas- 
toderm stages (Fig. 4B). After panish RNAi, both 
Cri-cad and Cri-tll were no longer expressed on 
one side, but instead were expressed symmetri- 
cally, consistent with their critical roles in abdo- 
men development (Fig. 4, C and D). Drosophila 
tailless encodes a nuclear receptor required for 
terminal structures of the abdomen and brain 
development but not the AP axis (78). In contrast, 
Cri-tll RNAi embryos lacked tail segments, and 
~70% of them developed malformed, often sym- 
metrical, double heads with duplicated mandible 
and labrum structures and eye spots (NV = 45; Fig. 
4, E to G, and fig. $8). This result was confirmed in 
independent RNAi experiments using nonover- 
lapping dsRNAs (24/87 and 27/88 double heads). 


A B pre-blastoderm syncytial blast. cellular blast. 
Anterior eetip Posterior 5 
®XNP S 
Q 
3 larp 
TC008222 ood 
° [TC015214 blot, Apc 
é [396-487] 
2 [428-711] 
ae M[399-733] 
a M[643-790] 
° T [93-131] 
Dn 
Ke) Ne ( ) 
T © eedom. 
0°60 Si 
14 3 ooo D C-clamp 
o\T ae) aN 
\s® cot? coo* or? pan? 
HH Hee 
04 | 
T T T T T T ' ; 
7.5 5 -2.5 ie) 25 5 75 0 5000 10000 15000 20000 


Differential Expression Si 


Fig. 2. Panish mRNA is enriched in the anterior embryo and encodes 


a C-clamp protein. (A) Differential expression 
RNA sequencing data from anterior and poster 


score > |2.5| and P < 0.05; blue, putative germ cell or germ plasm com- 


ponents. (B) RNA in situ hybridizations of early 
terior is to the left; scale bar, 10 um. (©) C-clamp 
with Pangolin sequences from C. riparius (Cri), 


Fig. 3. Panish is required to 
establish AP polarity in C. ripar- 
ius. (A) Inverted dark-field image 
of wild-type first-instar larval 
cuticle. A, abdominal segment; T, 
thoracic segment. (B) Panish B — 
RNAi cuticle of symmetrical 
double-abdomen larva. Scale 
bars, 30 um. (©) Comparison of 
panish and Cri-zap3 RNAi pheno- 
types and rescue of the panish 
RNAi phenotype by anterior 
injection of panish mRNA. *Note: 
In the third column, “wild type” 
includes 13 partial rescues 
(deformed head structures; 

fig. S6, B to D). N.S., P > 0.05; 
Eba-bcd from (6). 
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C. riparius genomic sequence 


Anopheles gambiae (Aga), and Tribolium castaneum (Tca). Gray numbers, 
residues not shown; red, conserved cysteine residues; blue, residue sim- 
ilarity. Amino acid abbreviations: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, 
Gly; H, His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; 
T, Thr; W, Trp; Y, Tyr. (D) The panish locus. Homology is based on reciprocal- 
best-BLAST between C. riparius transcripts and D. melanogaster genes. 
Longest ORFs (shaded) and orientation (arrowheads) are indicated. 
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Fig. 4. Cri-cad and Cri-tll are regulated by 
panish, and Cri-tll is required to establish AP 
polarity. (A to D) Staining for Cri-cad [(A) and 
(C)] and Cri-tll [(B) and (D)] with RNA in situ 
hybridization in wild-type and panish RNAi em- 
bryos. Black arrowheads indicate posterior pole 
cells. (E) Eye spots indicated on live wild-type 
and Cri-tll RNAi embryos. (F and G) Cuticle 
preparations of a wild-type larval head (F) and a 
Cri-tll RNAi larva (G). Dashed lines indicate 
approximate plane of symmetry. Anterior is to 
the left in all panels; scale bars, 10 um [except 
(G), 30 um]. 


Duplication of head structures at both poles 
of the Cri-tll1 RNAi embryos suggests that un- 
like the Drosophila homolog, Cri-tll plays a role 
in AP polarity. Moreover, because C7ri-tll is not 
expressed maternally, maternal Cri-nos would 
not appear to inhibit the formation of the an- 
terior program. The observation that both heads 
of Cri-tll RNAi embryos develop with deformities 
is not surprising because Drosophila til has a role 
in head development. Cri-tl/ may also play this 
part irrespective of its role in AP polarity. 

A receptor tyrosine kinase gene, torso, con- 
trols the activation of tailless at the poles of the 
Drosophila blastoderm along with a second tar- 
get, the zinc finger gene huckebein (19). We were 
unable to detect expression of the Chironomus 
homolog of huckebein (Cri-hkb) in early embryos 
(fig. SQA). Cri-tor was expressed zygotically at the 
poles of the blastoderm embryo (fig. S9B). Ma- 
ternal Cri-tor transcript was detected in the RNA 
sequencing data but not by RNA in situ hybrid- 
ization. Cri-tor RNAi caused tail deletions and 
head defects similar to those of Cri-tll RNAi 
embryos, but not double heads (fig. S9C). This 
finding suggests that Cri-tll has a role in axis 
polarity that is outside of its role in the ter- 
minal system driven by torso. 

The double-head phenotype of Cri-tll RNAi 
embryos suggests a permissive role for panish 
in specifying embryonic AP polarity because the 
panish transcript was not detected in the post- 
erior embryo. We suspected that Cri-ti/ might also 
have a permissive role in AP axis specification, 
because Drosophila Tailless functions as a dedi- 
cated repressor (20). This was confirmed by double 
RNAi experiments against panish and Cri-til that 
resulted in perfect double abdomens (73/95 dou- 
ble abdomen, 20/95 intermediate, 2/95 wild type; 
fig. S9D). However, it raises the question of why 
the default developmental program establishes a 
double abdomen and not a double head. 

One possible explanation is that Panish func- 
tions as a direct activator of head genes. This 
would imply that there is Panish activity in the 
posterior, but it seems unlikely given the lack of 
detectable mRNA in the posterior of embryos in 
both the RNA sequencing data and in situ hy- 
bridizations and the inability of panish mRNA 
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to rescue the panish RNAi phenotype when 
panish mRNA is injected into the posterior 
third of the embryo. A more cogent possibility is 
that panish protein is more effective in repres- 
sing posterior genes than C77-tll is in repressing 
anterior genes. Knockdown of panish would 
therefore result in proportionally higher levels 
of posterior transcripts such as Cri-cad and con- 
sequently inhibit head formation. This interpre- 
tation is consistent with high penetrance of the 
double-abdomen phenotype after panish RNAi. 

Our results show that Drosophila bicoid and 
Chironomus panish encode structurally distinct 
DNA binding domain proteins that play similar 
essential roles in establishing AP polarity of the 
primary axis. In each case, the protein is neces- 
sary for breaking the symmetry of the primary 
axis and, when inactive, results in duplication 
of the posterior domain. Bicoid is a transcrip- 
tional activator of anterior genes. However, 
Panish appears to be a repressor of posterior 
patterning genes (fig. S10A). Moreover, mater- 
nally expressed nanos, which inhibits anterior 
programming in the posterior Drosophila em- 
bryo (21), appears to be ineffective in this re- 
gard in Chironomus. Two pieces of evidence 
argue against the existence of an additional, 
maternally localized, instructive factor for an- 
terior development like bicoid in Chironomus. 
First, panish was the only transcript found strong- 
ly enriched at the anterior pole. Second, factors 
required for head development were also present 
in the posterior pole of Cri-tll embryos. We did 
not find evidence of panish in other dipteran ge- 
nomes, even though the locus is conserved in two 
closely related chironomid species, C. tentans and 
C. piger (fig. S1OB and table S2). This suggests a 
recent origin of panish. Our study shows that 
mechanisms of AP patterning in insects are more 
labile than previously acknowledged. The func- 
tionally diverse primary axis determinants of fly 
embryos provide a remarkable opportunity for 
studying molecular innovations in the context 
of gene regulatory networks. 
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As a workflow-oriented provider of lab 
equipment, Eppendorf offers instru- 
ments, consumables, and accessories 
that perfectly fit your processes in the 
lab and thus your daily lab work. Our 
comprehensive solutions are engineered 
with smart innovations to simplify or 
even eliminate cumbersome lab work. 


www.eppendorf.com/advantage 


Benefit now from substantial savings on: 

> Eppendorf Xplorer® electronic 
multi-channel pipettes 

> Centrifuge 5702 R with rotor 

> Eppendorf ThermoMixer® C 

> Eppendorf BioSpectrometer® 
fluorescence with wCuvette G1.0 

> Divisible twin.tec PCR Plates 96 


Eppendorf®, the Eppendorf logo, Eppendorf BioSpectrometer®, Eppendorf ThermoMixer®, and Eppendorf Xplorer® are 
registered trademarks of Eppendorf AG, Germany. U.S. Design Patents are listed on www.eppendorf.com/ip 
Offers may vary by country. All rights reserved, including graphics and images. Copyright © 2015 by Eppendorf AG. 


eppendorf 
g / Science 


PRIZE FOR 


NEURO 
BIOLOGY 


2014 Winner 

Eiman Azim, Ph.D. 
Columbia University 
For research on skilled 
limb movement 


AAAS® and Science® are registered trademarks of the American Association for the Advancement of Science, USA. Eppendorf® and the Eppendorf logo are registered trademarks of Eppendorf AG Germany. 


U.S. Design Patents are listed on www.eppendorf.com/ip. All rights reserved, including graphics and images. Copyright © 2015 by Eppendorf AG. Kurstin Roe Photography. 
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Application Deadline 


Call for Entries June 15, 2015 


Eppendorf & Science Prize for Neurobiology You could be next to win this prize and to receive 

The annual Eppendorf & Science Prize for Neurobiology > Prize money of US$S25,000 

is an international award which honors young scientists > Publication of your work in Science 

for their outstanding contributions to neurobiological > Full support to attend the Prize Ceremony held in 
research based on methods of molecular and cell biology. conjunction with the Annual Meeting of the Society for 
The winner and finalists are selected by a committee Neuroscience in the USA 

of independent scientists, chaired by Science’s Senior > An invitation to visit Eppendorf in Hamburg, Germany 
Editor, Dr. Peter Stern. To be eligible, you must be 35 

years of age or younger. It’s easy to apply! 


Learn more at: www.eppendorf.com/prize 


eppendorf Science 


AVAAAS 


Join Keystone Symposia in Asia for our 


October Conferences on Nutrition and Diabetes 


Human Nutrition, Health and Environment 


October 14-18, 2015 
China World Hotel | Beijing | China 


Scientific Organizers: Martin Kussmann, Hannelore Daniel and Jacqueline Pontes Monteiro 


Understanding interactions of nutrition and lifestyle with an individual's genetic makeup is vital for maintaining health and delaying 
disease onset. Toward that end, this meeting aims to: 1) Bring together researchers from traditionally separated disciplines: nutrition, (gen) 
omics, clinics, physiology, epidemiology, analytics, biomathematics; 2) Advance nutrition research as a quantitative, holistic and molecular 
science; 3) Review/challenge classical pre-clinical models and clinical study designs, incorporating improved translational in vitro and in 
vivo models, human intervention study designs, and innovative new tools/technologies for molecular phenotyping; and 4) Connect basic 
science to patient- and consumer-relevant outputs in terms of personalized dietary/nutritional counseling and monitoring/diagnostics. 


Session Topics: 


- The Interaction between Human Genome, Diet * Capturing and Monitoring Human Individuality 

and Environment - From Nutrigenomics to Systems Nutrition 
- Translational Models for Human Nutrition and Health + Nutrition 2.0 - Translation into Solutions for Human Health 
« Human Nutritional and Lifestyle Interventions * Global Nutrition and Sustainability 


Global Health Travel Award Deadline (for investigators from developing countries): May 12, 2015; 
Scholarship & Discounted Abstract Deadline: June 16, 2015; Abstract Deadline: July 14, 2015; Discounted Registration Deadline: August 13, 2015 


For additional details, visit www.keystonesymposia.org/15T1. 


Diabetes: New Insights into Molecular Mechanisms 


and Therapeutic Strategies 


October 25-29, 2015 
Westin Miyako Kyoto | Kyoto | Japan 


Scientific Organizers: Takashi Kadowaki, Juleen R. Zierath, Nobuya Inagaki and Barbara B. Kahn 


The prevalence of type 2 diabetes is rising to epidemic proportions worldwide. Type 2 diabetes is a complex disease caused by dysfunction 
of multiple organ systems, and disease susceptibility is profoundly influenced by both genetic and environmental factors. This meeting 
brings together leading professionals in the academic and pharmaceutical communities with various specialties in diabetes research to 
share new approaches and research paradigms. The meeting will present the latest discoveries in diabetes research, highlighting essential 
aspects of diabetes, as well as emerging themes that are likely to provide novel therapeutic approaches. 


Session Topics: 


«Islet Dysfunction in Diabetes - Novel Insights into Adipocyte Biology 

« Regenerative Medicine in Diabetes « Molecular Mechanisms Underlying Insulin Resistance 
- Gut Biology and Systemic Metabolism * Genetics and Epigenetics of Diabetes 

« CNS Control of Metabolism * Diabetes and Healthy Lifespan 


Scholarship & Discounted Abstract Deadline: June 25, 2015; Abstract Deadline: July 23, 2015; Discounted Registration Deadline: August 25, 2015 
For additional details, visit www.keystonesymposia.org/15T2. 


KEYSTONE ## SYMPOSIA 


on Molecular and Cellular Biology 


Accelerating Life Science Discovery 


LIFE SCIENCE TECHNOLOGIES Produced by the Science/AAAS Custom Publishing Office 
/@ NEW PRODUCTS 
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TIRF Illuminator 

The new one-line illuminator (cellTIRF- 
1L) complements the high-end four- and 
two-line (celITIRF MITICO 4L/2L) illumina- 
tors. Ideally suited for use with laser com- 
biners, the cellTIRF-1L with motorized 
TIRF angle control offers cost-effective 
flexibility for system builders. The new il- 
luminator can also be used with third-par- 
ty lasers and enables multi-fluorescence 
samples to be sequentially imaged at the 
same penetration depth. Control is effort- 
lessly managed by software integration 
or via the Olympus Real-Time Controller 
for accurate live cell imaging. As TIRF 
imaging is invaluable across a wide spec- 
trum of disciplines to investigate events 
occurring at cell surfaces, the cellTIRF 
illuminators provide a series of features 
supporting both precise imaging and 
easy operation. Among these features are 
highly advanced optics, integrated laser 
safety systems, and high-speed control of 
penetration depth and laser lines via the 
RTC. The high-end systems provide ul- 
trasensitive truly simultaneous multicolor 
TIRF microscopy, with up to four laser 
channels and independent beam paths. 
Olympus 

For info: +49-(0)-40-23773-5913 
www.olympus-lifescience.com 


Scalable RNA-Seq Service 
Stranded, ribodepletion, and globin re- 
duction library construction options have 
been added to the existing RNA-Seq 
services. The Illumina TruSeq Stranded 
Total RNA Sample Prep Kit has been au- 


Bioprocess Control Station 

The BioFlo 320 is truly a step into the fu- 
ture for Eppendorf as a bioprocess equip- 
ment manufacturer. New features includ- 
ing autoclavable and single-use vessel 
flexibility, intelligent sensors, and IP net- 
work communication for multiunit control 
set it apart as the new premium choice in 
the bench-scale bioprocess market. Suit- 
able for microbial and cell culture, scale 
up to scale down, batch, fed-batch, and 
continuous processes, the BioFlo 320 
can meet the ever-changing needs of all 
segments of the biotech and pharmaceu- 
tical industries. It offers flexibility, better 
control, and maximum functionality while 
occupying a fraction of the valuable lab 
space of similar systems. 

Eppendorf 

For info: 800-645-3050 
www.eppendorfna.com 


Bioreactor Systems 

The new version of the ambr systems 
(ambr 15 and ambr 250) are supplied 
with integrated BioPAT MODDE Software 
for Design of Experiments (DoE), pow- 
ered by Umetrics. This allows bioprocess 
scientists to easily implement DoE into 
their work flow for simpler process op- 
timization and scale-up to larger single- 
use BIOSTAT pilot and manufacturing 
scale bioreactors, making bioprocess 
development faster and more cost- 
effective. The integrated DoE software 
will enable scientists to quickly establish 
a Design Space where relevant biopro- 
cessing conditions are varied simultane- 
ously. Users can rapidly configure DoE 
experiments via work packets that are 
exported from the software to the ambr 
system; configuring each microbioreac- 
tor with its own DoE defined bioprocess- 
ing parameters. The data generated 
from ambr, including offline analytics, is 
analyzed within the software to identify 
critical process parameters, optimize 
bioprocessing conditions, and define a 
robust design space for implementation 
in larger single-use BIOSTAT pilot and 
manufacturing scale bioreactors. 
Sartorius Stedim Biotech 

For info: 800-368-7178 
www.sartorius.com 


Liquid Metering Pump 

The enhanced SIMDOS 10 line of dia- 
phragm liquid metering pumps is avail- 
able with four head material options. The 
line affords laboratory personnel with 


tomated on Beckman Coulter instruments to enable scalability and 
LIMS sample tracking. This expanded offering has been validated 
for human, mouse, rat, and plant samples and includes the ability 
to work with samples derived from blood and FFPE tissue. This fully 
automated sample preparation pipeline delivers consistent results 
run after run, reducing user variability and bias, and allows process- 
ing of a large amount of samples with reduced turnaround time rela- 
tive to manual library construction. This expanded offering is suited 
for genome annotation, de novo transcriptome assembly, and accu- 
rate digital gene expression analysis thus providing uniform cover- 
age and precise measurement of strand orientation, and discovery 
across both coding and multiple forms of noncoding RNA. 
Beckman Coulter Genomics 

For info: 800-361-7780 

www.beckmangenomics.com 


simple operation, thanks to a user-friendly display and adjustable 
transfer parameters from a touch-control knob. The SIMDOS 10 

FT version features a PTFE head, a PTFE-covered diaphragm, and 
chemically resistant FFKM Kalrez valves for the transfer of aggres- 
sive chemicals. An optional Chemraz-valve kit allows the pump to 
be used with highly concentrated acids such as nitric, sulphuric, 
and hydrochloric acids and solvents such as TFH, DMF, DMSO, and 
MEK. Also available with heads in PP, PVDF, or stainless steel, each 
pump in the SIMDOS 10 line transfers liquids with a flow rate of 
1-100 mL/min, and dose volumes of 1 mL up to 999 mL. In addition 
to fast and simple calibration, the pump offers excellent long-term 
stability and consistent reliability throughout its lifetime. 

KNF Neuberger 

For info: 609-890-8600 

www.knfusa.com/simdos10 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations 
are featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any 
products or materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 
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SCIENCE 


want new 


technologies? 


antibodies 
apoptosis 
biomarkers 
cancer 
cytometry 
data 
diseases 
DNA 


epigenetics 


genomics 
immunotherapies 


medicine 


microbiomics 
microfluidics 
microscopy 


neuroscience 


proteomics 


sequencing 


toxicology 


transcriptomics 


watch our webinars 


Learn about the latest breakthroughs, new 
technologies, and ground-breaking research 
in a variety of fields. Our expert speakers 
explain their quality research to you and 
answer questions submitted by live viewers. 


VIEW NOW! 
webinar.sciencemag.org 


Science 


MV AAAS 


Brought to you by the Science/AAAS 
Custom Publishing Office 


VW @SciMagWebinars 


A Engaged Learning of Materials Science and Engineering 
in the 21% Century 


BIOMATERIALS AND SOFT MATERIALS 

B_ Stretchable and Active Polymers and Composites 
for Electronics and Medicine 

C Tough, Smart and Printable Hydrogel Materials 


D_ Biolological and Bioinspired Materials in Photonics and Electronics— 


Biology, Chemistry and Physics 
Engineering and Application of Bioinspired Materials 
Biomaterials for Regenerative Engineering 
Plasma Processing and Diagnostics for Life Sciences 
Multifunctionality in Polymer-Based Materials, Gels and Interfaces 
Nanocellulose Materials and Beyond— 
Nanoscience, Structures, Devices and Nanomanufacturing 
J Wetting and Soft Electrokinetics 
K Materials Science, Technology and Devices for Cancer Modeling, 
Diagnosis and Treatment 
L Nanofunctional Materials, Nanostructures and Nanodevices 
for Biomedical Applications 


-rtomnmMm 


Abstract Submission Opens May 18, 2015 


Agr 2015 [MRIS] FALL MEETING & EXHIBIT 
yond November 29 — December 4, 2015 | Boston, Massachusetts 


CALL FOR PAPERS 


Abstract Submission Deadline June 18, 2015 


ENERGY AND SUSTAINABILITY 

LL Materials and Architectures for Safe and Low-Cost 
Electrochemical Energy Storage Technologies 

MM Advances in Flexible Devices for Energy Conversion and Storage 

NN Thin-Film and Nanostructure Solar Cell Materials and Devices 
for Next-Generation Photovoltaics 

00 Nanomaterials-Based Solar Energy Conversion 

PP Materials, Interfaces and Solid Electrolytes for High Energy Density 
Rechargeable Batteries 

QQ _ Catalytic Materials for Energy 

RR Wide-Bandgap Materials for Energy Efficiency— 
Power Electronics and Solid-State Lighting 


SS Progress in Thermal Energy Conversion— 
Thermoelectric and Thermal Energy Storage Materials and Devices 


THEORY, CHARACTERIZATION AND MODELING 
TT Topology in Materials Science— 
Biological and Functional Nanomaterials, Metrology and Modeling 
UU Frontiers in Scanning Probe Microscopy 
VV /n Situ Study of Synthesis and Transformation of Materials 


WW Modeling and Theory-Driven Design of Soft Materials 


NANOMATERIALS AND SYNTHESIS XX Architected Materials—Synthesis, Characterization, Modeling and Optimal Design 

M_ Micro- and Nanoscale Processing of Materials for Biomedical Devices YY Advanced Atomistic Algorithms in Materials Science 

N Magnetic Nanomaterials for Biomedical and Energy Applications ZZ Material Design and Discovery via Multiscale Computational Material Science 

OQ Plasmonic Nanomaterials for Energy Conversion AAA Big Data and Data Analytics for Materials Science 

P Synthesis and Applications of Nanowires and Hybrid 1D-0D/2D/3D BBB Liquids and Glassy Soft Matter—Theoretical and Neutron Scattering Studies 
Semiconductor Nanostructures CCC Integrating Experiments, Simulations and Machine Learning to Accelerate 

Q Nano Carbon Materials—1D to 3D Materials Innovation 


R_ Harsh Environment Sensing—Functional Nanomaterials 
and Nanocomposites, Materials for Associated Packaging 
and Electrical Components and Applications 


DDD Lighting the Path towards Non-Equilibrium Structure-Property Relationships 
in Complex Materials 


X — Frontiers of Material Research 

MECHANICAL BEHAVIOR AND FAILURE OF MATERIALS 
S Mechanical Behavior at the Nanoscale 
T Strength and Failure at the Micro- and Nanoscale— 

From Fundamentals to Applications 
U_ Microstructure Evolution and Mechanical Properties 

in Interface-Dominated Metallic Materials 
V_ Gradient and Laminate Materials 
W_ Materials under Extreme Environments (MuEE) 
Y Shape Programmable Materials 


www.mrs.org/fall2015 
The MRS/E-MRS Bilateral Conference on Energy will be comprised 
of the energy-related symposia at the 2015 MRS Fall Meeting. 


Meeting Chairs 
T. John Balk University of Kentucky 
Ram Devanathan Pacific Northwest National Laboratory 


ELECTRONICS AND PHOTONICS 
Z_ Molecularly Ordered Organic and Polymer Semiconductors— 
Fundamentals and Devices George G. Malliaras Ecole des Mines de St. Etienne 
AA Organic Semiconductors—Surface, Interface and Bulk Doping Larry A. Nagahara National Cancer Institute 
BB Innovative Fabrication and Processing Methods for Organic Luisa Torsi University of Bari “A. Moro” 
and Hybrid Electronics 
CC Organic Bioelectronics— 
From Biosensing Platforms to Implantable Nanodevices 
DD Diamond Electronics, Sensors and Biotechnology— 
Fundamentals to Applications 
EE Beyond Graphene—2D Materials and Their Applications 
FF Integration of Functional Oxides with Semiconductors 
GG Emerging Materials and Platforms for Optoelectronics 
HH Optical Metamaterials— 
From New Plasmonic Materials to Metasurface Devices 
Il | Phonon Transport, Interactions and Manipulations 
in Nanoscale Materials and Devices—Fundamentals and Applications 
JJ Multiferroics and Magnetoelectrics 
KK Materials and Technology for Non-Volatile Memories 


Don’t Miss These Future MRS Meetings! 
2016 MRS Spring Meeting & Exhibit 

March 28 - April 1, 2016 

Phoenix, Arizona 


2016 MRS Fall Meeting & Exhibit 
November 27 - December 2, 2016 
Boston, Massachusetts 


Gy MATERIALS RESEARCH SOCIETY® 


Advancing materials. Improving the quality of life. 
506 Keystone Drive * Warrendale, PA 15086-7573 
Tel 724.779.3003 © Fax 724.779.8313 
info@mrs.org * www.mrs.org 
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System Biosciences 


| i _ 
‘ 
Comprehensive CRISPR/Cas9 

Genome Engineering Services 
A SMART CHOICE FOR GENOME ENGINEERING 

These days, it seems like CRISPR/Cas9 is everywhere. A simple yet powerful technology, CRISPR/Cas9 is already 
changing the way researchers are doing biology, and the work is only just beginning. But how can you quickly and 
easily apply this technology to your research? System Biosciences (SBI) has been providing CRISPR/Cas9 systems 


longer than any other commercial vendor, giving us an edge when it comes to direct experience with this 
game-changing technology. Because experience matters, your best choice for CRISPR/Cas9 services is SBI. 


From the same experts who created our peer-reviewed Cas9 SmartNuclease & OnTarget HR Donor systems, SBI 
offers a full range of genome engineering services, all performed on-site at our state-of-the-art facility in Mountain 
View, CA to ensure the highest quality, confidentiality and timeliness of delivery. 


Services include: ! 


« Guide RNA design and cloning : miR-21 crock out clones 
« HR donor design and cloning for E generated by 
knock-out, knock-in, tagging & editing 5 
° . : : . “0.001 _7- 
¢ Cell line engineering and validation =e = ae 
0.0001 


Ho, TT, et al. Targeting non-coding RNAs with the CRISPR/Cas9 system 
in human cell lines. Nucleic Acids Res. 2015 Feb 18; 43(3):e17. 
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There’s only one 


Science Careers 
Advertising 


For full advertising details, go to 
ScienceCareers.org and click 
For Employers, or call one of 
our representatives. 


Tracy Holmes : -" 
Worldwide Associate Director : . . _* 
Science Careers ™ & Scienc : Careers.org . 

® wr ‘ 


Phone: +44 (0) 1223 326525 


E-mail: advertise@sciencecareers.org 
Fax: 202 289 6742 

Tina Burks 

Phone: 202 326 6577 

Nancy Toema 

Phone: 202 326 6578 


Marci Gallun 
Sales Administrator 
Phone: 202 326 6582 


Online Job Posting Questions 
Phone: 202 312 6375 


E-mail: ads@science-int.co.uk Learn more and 

Fax: +44 (0) 1223 326532 ; 

eraorae yea, 1223 326529 keep your job search 
pote a ysis out of the cheap seats. 
Kelly Grace 


Phone: +44 (0) 1223 326528 


; : Search thousands of job postings 
Katsuyoshi Fukamizu (Tokyo) 

E-mail: kfukamizu@aaas.org 
Phone: +81 3 3219 5777 


e 
@ Create job alerts based on your criteria 

Hiroyuki Mashiki (Kyoto) @ Get career advice from our Career Forum experts 
e 
e 


E-mail: hmashiki@aaas.org : ' ‘ 
Phone: +8175 823 1109 Download career advice articles and webinars 


Complete an individual development plan at “myIDP” 


Ruolei Wu 
Phone: +86 186 0082 9345 


Target your job search using relevant resources 
E-mail: rwu@aaas.org 


on ScienceCareers.org. 
All ads submitted for publication must comply with 
applicable U.S. and non-U.S. laws. Science reserves 
the right to refuse any advertisement at its sole 
discretion for any reason, including without limitation 
for offensive language or inappropriate content, 

and all advertising is subject to publisher approval. 
Science encourages our readers to alert us to any ads 
that they feel may be discriminatory or offensive. 
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Careers 


FROM THE JOURNAL SCIENCE PANAAAS 


ScienceCareers.org 


The European Molecular Biology Laboratory offers a highly collaborative, uniquely international 


culture. It fosters top quality, interdisciplinary research by promoting a vibrant environment 
consisting of young independent research groups with access to outstanding graduate students 
and postdoctoral fellows. Significant core funding and limited teaching responsibilities allow 
EMBL group leaders to undertake ambitious, farsighted research programmes and provide a 
scientific environment that is particularly attractive for researchers with families. 


EMBL 


Group Leader / Team Leader 
Genome Biology and Proteomics 


at EMBL Heidelberg, Germany 


The European Molecular Biology Laboratory (EMBL) is renowned for its 
innovative, interdisciplinary research conducted in an open, international 
culture. The Headquarters is located in Heidelberg (Germany), with 
additional sites in Grenoble (France), Hamburg (Germany), Hinxton (UK) 
and Monterotondo (Italy). 


The Genome Biology Unit studies all aspects of how the genome gives rise 
to phenotype. It is a highly interdisciplinary department, including groups 
with expertise in genomics, proteomics, computer science, microfluidics 
and chemistry, which provides a collaborative and supportive environment 
to perform cutting edge research. The research focusses on dissecting 
fundamental principles of how different layers of molecular information 
(DNA, RNA, Protein, Metabolites) are regulated and interconnected to give 
rise to diverse phenotypes. 


We are looking for outstanding candidates in proteomics and biological 
mass spectrometry. The position involves running an independent research 
group within the Genome Biology Unit, developing and applying cutting 
edge mass spectrometry approaches. We particularly encourage candidates 
with interests in chromatin biology, regulation of gene expression, 
posttranslational protein modifications, quantitative or dynamic proteomics 
or any aspect linking genotype to phenotype. EMBL has an excellent 
proteomic core facility that provides mass spectrometry service to biological 
research groups. In addition to running a research group, the position 

also involves managing this facility and ensuring that the technologies it 
offers remain at the cutting edge. 


EMBL is an inclusive, equal opportunity employer offering attractive 
conditions and benefits appropriate to an international research organisation 
with a very collegial and family friendly atmosphere. The remuneration 
package comprises from a competitive salary, a comprehensive pension 
scheme, medical, educational and other social benefits, as well as financial 
support for relocation and installation, including family, and the availability 
of an excellent child care facility on campus. 


Please apply online through 
www.embl.org/jobs and 
include a cover letter, CV and 
a concise description of 
research interests and future 
research plans. Please also 
arrange for 3 letters of 
recommendation to be emailed 
to references@embl.de at the 
latest by 28 June 2015. 


Interviews are planned for 
September 2015. 


Further information about the 
position can be obtained from 
the Head of Unit Eileen Furlong 
(eileen.furlong@embl.de). 


An initial contract of 5 years 
will be offered to the successful 
candidate. This is foreseen to 
be extended to a maximum of 
9 years, subject to an external 
review. 


Further details on Group Leader 


appointments can be found 
under www.embl.org/gl_faq. 


www.embl.org 


online @sciencecareers.org 
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Special Job Focus: 


Biotechnology 
June 12, 2015 


Reserve space by June 8* 


FHERE’S A SCIENCE FO REACHING SCIENTISTS. 


For recruitment in science, there’s only one 


What makes Science the best choice? 
Read and respected by 570,400 readers around the globe 
78% of readers read Science more often than any other journal 
Your ad sits on specially labeled pages to draw attention to the ad 


Your ad dollars support AAAS and its programs, which strengthens the global 
scientific community. 


Why choose this biotechnology section for your advertisement? 
Relevant ads lead off the career section with special Biotechnology banner 
Bonus distribution to: 


BIO International Convention 
June 15-18, 2015, Philadelphia, PA 


BIO Career Fair 
June 18, 2015, Philadelphia, PA. 


Expand your exposure. Post your print ad online to benefit from: 


Link on the job board homepage directly to biotechnology jobs SCience 


—— 


Dedicated landing page for jobs in biotechnology 


Additional marketing driving relevant job seekers to the job board. 


* Ads accepted until June 8 on a first-come, first-served basis. 
SCIENCECAREERS.ORG 
To book your ad: advertise@sciencecareers.org 
The Americas 
202-326-6582 
Europe/RoW 
FROM THE JOURNAL SCIENCE JAVAAAS +44 (0) 1223-326500 


Japan 

+81-3-3219-5777 
China/Korea/Singapore/Taiwan 
+86-186-0082-9345 


0G4l ij evens far Gal“. 


WM 4th European Congress 
f of Immunology 
fa Vienna 2015 


Under the auspices of EFIS, European Federation of Immunological Societies 


www.efis.org 


European Federation of and the Austrian Society for Allergology and Immunology, OGAI 


potaten te anhg ode Immunological Societies 


www.oegdi.org 
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UCSan Diego 


Assistant, Associate, or Full Professor, Pulmonary 
Biology Investigator (10-971) 
School of Medicine - Pediatrics 


Salary: Salary is commensurate with qualifications and based on University of 
California pay scales 


Closing Date: Review of applications will begin June 26, 2015, and continue until 
the position is filled. 


Job Description: The Division of Pediatric Respiratory Medicine at the UCSD 
School of Medicine (http:/www-pediatrics.ucsd.edu/) and Rady Children’s 
Hospital of San Diego (http://www.rchsd.org) is committed to academic excellence 
and diversity within the faculty, staff, and student body. The program is seeking a 
full-time, innovative and productive Pulmonary Biology Investigator to join a highly 
collaborative research program. 


The position will require a PhD, MD or MD/PhD degree or equivalent, and sufficient 
experience beyond postdoctoral training to have, or to be competitive to achieve, 
an independent NIH funded program in pulmonary research. The applicant will be 
provided with a competitive start-up package, including independent laboratory 
and office space within the UCSD School of Medicine in conjunction with ample 
protected time for research. He/she will be expected to maintain an independent 
research program. Preference will be given to applicants who can be involved 
in bench to bedside translation of discoveries in pulmonary diseases, and those 
who have a strong track record of successful mentoring. The rank and series of 
appointment, including the possibility of tenure, will be based on the successful 
candidate’s skills, qualifications and funding. 


To Apply: Please apply via http://apptrkr.com/201523228 


The University of California is an Equal Opportunity/Affirmative Action Employer. All 
qualified applicants will receive consideration for employment without regard to race, 
color, religion, sex, national origin, disability, age or protected veteran status. 


Charitable Foundation 


The EGL Charitable Foundation 


invites you to apply to the 
Gruss Lipper Post-Doctoral 
Fellowship Program 
Eligibility 
e Israeli citizenship 
e Candidates must have completed PhD 


and/or MD/PhD degrees in the Biomedical 


Sciences at an accredited Israeli 
University/Medical School or be in their 
final year of study 


e Candidates must have been awarded a 
postdoctoral position in the U.S. host 
research institution. 


Details regarding the fellowship are available 
at www.eslcf.org 


NW210508R 


WORKING LIFE 


By Rachel Bernstein 
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Allin the family 


enee JiJi and Jason Cooley work together at the University of Missouri (MU), Columbia, and 
have a daughter at home. The two met in graduate school and got married when they were 
postdocs living apart—she in Washington, D.C., and he in Philadelphia. JiJi began a tenure-track 
faculty position in the MU chemistry department in 2005; Cooley followed suit a year and a half 
later. JiJi and Cooley sat down for a conversation about working with a spouse and their differ- 
ent experiences traveling similar paths. Their comments have been edited for brevity and clarity. 


JiJi: Work morphs in and out of 
the conversations at home. You have 
an idea while you’re drinking coffee 
in the morning and you have 
someone to talk to about it, and 
that’s kind of nice. We study protein 
folding and dynamics, and our work 
has become very collaborative. We 
both have very distinct research 
agendas, but collaboration has 
worked really well because we have 
different backgrounds. But some- 
times I think our colleagues see us 
as a unit rather than as two 
different people, even though we do 
the work of two people. 


Cooley: Certainly during each of 
our tenure processes, there was 
criticism that we had not worked 
independently enough. 


JiJi: I went on the job market, just to test the waters, 

and happened to get an offer. I took the job here with the 
understanding that they had mechanisms for spousal ac- 
commodation and that, hopefully, would materialize into a 
position for Jason. 


Cooley: I still had a year of postdoc funding left. Then 
I moved to Missouri and they gave me a courtesy ap- 
pointment, with no money or lab space. Renee graciously 
shared her office with me. It was only after I got an infor- 
mal offer from another university that negotiations about 
a tenure-track job here started in earnest. 

I’m the trailing spouse, but my initial salary was 
based on Renee’s salary, plus some small amount because 
it was inconceivable that I would make less than my wife. 
It was literally said that way. I said, “Fine, that’s more 
money for us,” but maybe I should have said it wasn’t 
appropriate. 

My colleagues ask me out for beer every once in a while; 
that certainly wouldn’t happen for Renee. 


“[T]here was criticism 
that we had not worked 
independently enough.” 


JiJi: I don’t ever get asked out. 

My department chair once said to 
me, “I don’t even know you,’ and 
Thad no idea what that meant. I 
thought, “You can read my papers. 
You can talk to me.” But it’s true. 
Jason went out and played golf 
with him once, but nobody’s going 
to invite me out for a beer or to cof- 
fee even. Female faculty members 
go out to coffee with female faculty 
members. There isn’t socialization 
between male and female faculty 
members. It just doesn’t happen. 


Cooley: We always said that we’d 
have a kid when we lived in the 
same state. Our daughter was born 
in 2007. 


JiJi: When I came up for tenure, 
my tenure extension for the birth of our daughter was 
held against me. I was expected to have been more pro- 
ductive than my colleagues—not just as productive. 


Cooley: It was couched as, she was as productive as the 
other people, but she had an extra year. I didn’t take a ten- 
ure extension for having a child. I was told not to. 


JiJi: If I had waited until I had tenure to have kids, it never 
would have happened. After our daughter was born, I had 
three miscarriages. Every one of them was horrific. The 
hormonal shifts were huge and somewhat debilitating, and 

I decided, for the sake of my career, to not continue to try to 
have another child. I was in the second half of my 30s, and I 
think I just waited too long. I tell my grad students that they 
shouldn’t postpone having a family for their career because 
they never know what their future is going to be. ™ 


Rachel Bernstein is a staff writer for Science Careers. For 
more on life and careers, visit ScienceCareers.org. Send your 
story to SciCareerEditor@aaas.org. 
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